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INTRODUCTION 


Research  progress  in  quantum  optoelectronics  has  dominated  much  of  the  recent  literature  in 
semiconductors  because  of  the  new  physical  phenomena  which  can  be  observed  and  because  of 
the  potential  for  new  smaller  and  higher  speed  devices  of  importance  to  communications, 
computing,  and  other  high  information  density  applications.  Much  of  the  work  has  focused  on 
III- V  compounds  because  it  is  believed  these  materials  may  provide  improved  performance  over 
silicon.  In  addition  since  they  are  a  direct  band  gap  semiconductor,  there  are  also  potential 
optical  applications. 

Under  this  AFOSR  grant,  our  laboratory  has  been  involved  in  the  general  area  of  the  study  of 
the  optical  physics  of  semiconductors.  These  studies  have  provided  new  insight  into  the  nature 
of  optical  properties  as  well  as  material  properties.  The  work  has  emphasized  the  application  of 
coherent  nonlinear  laser  spectroscopy  methods  in  the  study  of  bulk  GaAs  and  GaAs/AlGaAs 
quantum  wells.  This  work  is  based  on  frequency  and  time  domain  four-wave  mixing  techniques, 
many  of  which  were  developed  by  our  group  under  earlier  AFOSR  support.  These  experiments 
are  enabling  us  to  measure  many  properties  of  these  systems  as  well  as  showing  that  in 
heterostructures,  the  effects  of  disorder  must  be  included  in  order  to  provide  a  complete 
understanding.  We  have  also  made  considerable  progress  in  understanding  the  nonlinear  optical 
response,  due  in  part  to  our  collaboration  with  the  theoretical  group  at  the  University  of  Arizona 
under  the  direction  of  Stephan  Koch,  and  have  shown  that  dynamical  effects  actually  dominate 
the  nonlinear  response  at  low  to  moderate  exciton  densities. 

Toward  the  end  of  this  program,  we  received  a  supplement  to  initiate  experiments  to  study 
the  quantum  optical  properties  of  semiconductor  lasers,  emphasizing  the  production  of  amplitude 
squeezed  light  with  noise  below  the  so-called  standard  quantum  limit.  Results  in  this  area  have 
been  very  encouraging  including  the  demonstration  of  room  temperature  squeezing  and 
squeezing  by  injection  locking. 

In  the  balance  of  this  Final  Report,  we  include  a  publication  and  education  summary.  This  is 
followed  by  a  very  brief  summary  of  progress  during  this  period.  The  last  section  contains  a 
complete  set  of  reprints  and  preprints  of  journal  articles  where  the  details  of  the  results  can  be 


found. 
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JOURNAL  PUBLICATIONS 

Hailin  Wang,  J.T.  Remillard,  M.D.  Webb,  and  D.G.  Steel,  High  Resolution  Laser  Spectroscopy 
of  Relaxation  and  the  Excitation  Line  Shape  of  Excitons  in  GaAs  Quantum  Well  Structures, " 
Surf.  Sci.  228  pp69-73(  1990). 

J.T.  Remillard,  H.  Wang,  M.D. Webb,  D.G.  Steel,  '"'Frequency  domain  four-wave  mixing 
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microcrystallite  doped  glass,"  J.  Opt.  Soc.  Am.  B.  7,  pp897-901  (1990) 
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H.  Wang,  M.  Jiang,  D.G.  Steel,  "Measurement  of  Phonon-Assisted  Migration  of  Localized 
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(1990). 

D.G.  Steel,  H.  Wang,  J.T.  Remillard,  M.  Jiang,  "Application  of  Frequency  Domain  High 
Resolution  Nonlinear  Laser  Spectroscopy  to  the  Study  of  Excitons  in  GaAs/AlGaAs 
Quantum  Well  Structures,"  invited  paper,  in  Laser  Optics  of  Condensed  Matter ,  pp265-272, 
Elsa  Garmire,  Alexei  A.  Maradudin,  Karl  K.  Rebane,  eds.  Plenum  Press,  New  York  (1991). 

H.  Wang  and  D.  G.  Steel,  "Effects  of  spectral  diffusion  on  frequency  domain  four  wave  mixing 
spectroscopy."  Phys.  Rev.  A  43,  pp3823-3&31  (1,991). 

Hailin  Wang  and  Duncan  G.  Steel,  "High  resolution  laser  spectroscopy  of  exciton  relaxation  in 
GaAs  quantum  wells,"  invited  paper.  Applied  Physics  A,  Solids  and  Surfaces  53,  pp  514-544 
(1991). 

D.G.  Steel  and  J.  Shah,  "Coherent  transient  optical  phenomena  in  semiconductors,"  Opt.  Phot.  2, 
pp  25-26(1991). 

H.  Wang,  M.  Jiang,  R.  Merlin,  D.G.  Steel,  "Spin  Flip  Induced  Hole  Burning  in  Quantum  Wells,” 
Phys.  Rev.  Lett.  69,  804-807  (1992). 

D.G.  Steel,  H.  Wang,  S.T.  Cundiff  "Four-wave  mixing  in  quantum  well  systems,"  invited 
chapter  in  Optics  of  Semiconductor  Nanostructures,  Fritz  Henneberger,  Stefan  Schmitt-Rink, 
and  Ernst  Gobel,  eds  (VCH-Germany,  1993). 

Min  Jiang,  Hailin  Wang,  Duncan  G.  Steel,  "Nonlinear  Optical  Absorption  and  Dynamics  in 
Quantum  Wells”,  Appl.  Phys.  Lett.  61,  1301-1303  (1992). 

D.G.  Steel,  S.T.  Cundiff,  H.  Wang,  "Coherent  Nonlinear  Laser  Spectroscopy  of  Excitons  in 
Quantum  Weils,"  to  be  published  in  the  Proceedings  of  the  NATO  ARW  on  Frontiers  of 
Optical  Phenomena  in  Semiconductor  Structures  of  Reduced  Dimensions,  1992. 

M.  Freeman,  H.  Wang,  D.G.  Steel,  D.  Scifers,  R.  Craig,  "Amplitude  Squeezed  Light  from 
Quantum  Well  Lasers,"  Opt.  Lett.  18,  379-381  (1993). 

Hailin  Wang,  Kyle  Ferrio,  Duncan  G.  Steel,  Y.  Hu,  Rolf  Binder,  Stephan  Koch  "Excitation 
Induced  Dephasing  Optical  Nonlinearity  in  GaAs,"  submitted  to  Phys.  Rev.  Letts(  1993). 
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Min  Jiang,  Hailin  Wang,  R.  Merlin,  M.  CardonarJ  D.G.  SteeP-  Nonlinear  Magneto-Optics  and 
Field  Induced  Reduction  in  Mobility  in  GaAs,"  submitted  to  Physical  Review  Letters 
(1993). 

INVITED  CONFERENCE  PROCEEDINGS 

H.  Wang,  J.  T.  Remillard,  M.  Jiang,  M.  D.  Webb,  D.  G.  Steel,  "Frequency  Domain  Nonlinear 
Optical  Studies  of  Multiple  Quantum  Well  Structures,"  Proceedings  of  SPIE  Symposium  on 
Opto  Electronics,  Conference  1216  (1990)  (see  above  citation). 

D.  G.  Steel,  H.  Wang,  J.  T.  Remillard,  M.  Jiang,  "Application  of  Frequency  Domain  High 
Resolution  Nonlinear  Laser  Spectroscopy  to  the  Study  of  Excitons  in  GaAs/AlGaAs 
Quantum  Well  Structures,”  presented  at  the  Fourth  US-USSR  Binational  Symposium,  Irvine, 
CA,  1990  (see  above  citation). 

D.G.  Steel,  H.  Wang,  S.T.  Cundiff,  M.  Jiang,  "Coherent  Nonlinear  Spectroscopy  of  Excitons  in 
GaAs/AlGaAs  Mulitple  Quantum  Wells",  Conference  on  Lasers  and  Electro-Optics,  CLEO 
'91,  Technical  Digest  Series  10,  pp308-309  (1991). 

D.G.  Steel,  "High  Resolution  Spectroscopy  and  Photon  Echoes  in  GaAs  Quantum  Wells,"  invited 
paper  at  the  APS  March  Meeting,  Bull.  Am.  Phys.  Soc.  36,  p338  (1991). 

D.G.  Steel,  H.  Wang,  S.T.  Cundiff,  M.  Jiang,  "Nonlinear  Optics  and  Spectroscopy  in  Systems 
with  Reduced  Dimensionality,"  Nonlinear  Optics  Gordon  Conference,  1991. 

D.G.  Steel,  H.  Wang,  S.T.  Cundiff,  M.  Jiang,  "Nonlinear  Spectroscopy  of  Excitons:  A  Probe  of 
Disorder,"  to  be  presented  the  symposium  "Frontier  in  Laser-Condensed  Matter  Interactions”, 
ILS'92,  organized  by  M.V.  Klein. 

Duncan  G.  Steel,  "Coherences  and  Dynamics  of  Resonances  in  Semiconductor 
Heterostructures,"  Workshop  on  Optical  Properties  of  Mesoscopic  Semiconductor  Structures, 
Snowbird,  1993. 

CONTRIBUTED  CONFERENCE  PROCEEDINGS 

H.  Wang,  J.T.  Remillard,  M  Jiang,  and  D.G.  Steel,  "Precision  Nonlinear  Laser  Spectroscopy  of 
Exciton  Dynamics  in  GaAs/AlGaAs  Multiple  Quantum  Well  Structures,"  Nonlinear  Optics, 
NLO’90,  IEEE,  pi 21  (1990). 

H.  Wang,  J.T.  Remillard,  M.  Jiang,  M.D.  Webb,  D.G.  Steel,  "Frequency  Domain  Nonlinear 
Optical  Studies  of  Multiple  Quantum  Well  Structures,"  invited  paper.  Proceedings  of  SPIE 
Symposium  on  Nonlinear  Optical  Materials  and  Devices  for  Photonic  Switching  1216., 
pp206-214  (1990)  (see  above  citation). 

H.  Wang,  M.  Jiang,  D.G.  Steel,  J.E.  Cunningham,  "Studies  of  Exciton  Recombination  and 
Transport  in  High  Purity  GaAs  Using  High  Resolution  Nonlinear  Spectroscopy," 
International  Quantum  Electronics  Conference  (IQEC  '90),  Technical  Digest  8,  pp3 10-3 1 1 
(1990). 

H.  Wang,  M.  Jiang,  and  D.G.  Steel,  "High  Resolution  nonlinear  spectroscopy  studies  of  the 
dynamics  of  localized  excitons  in  GaAs/AlGaAs  quantum  wells,"  International  Quantum 
Electronics  Conference  (IQEC  '90),  Technical  Digest  8,  pp60-61  (1990). 
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Ming  Jiang,  Hailin  Wang,  D.G.  Steel,  "Anomalous  Nonlinear  Optical  Processes  in 
GaAs/AlGaAs  Quantum  Wells,"  Quantum  Electronics  and  Laser  Science  (QELS'91), 
Technical  Digest  Series  11.  pp252-253  (1991). 

D.G.  Steel,  S.T.  Cundiff,  M.  Jiang,  Hailin  Wang,  M.D.  Webb,  "Coherent  Nonlinear  Laser 
Spectroscopy  Studies  of  Exciton  Relaxation,  Dephasing  and  Energy  Transport  in  GaAs 
Quantum  Wells",  Quantum  Optoelectronics,  OS  A  Technical  Digest,  7  (1991). 

H.  Wang,  M.  Jiang,  R.  Merlin,  D.G.  Steel,  "Spin-flip  induced  spectral  hole  burning  of 
magnetoexcitons  in  GaAs/AlGaAs  quantum  wells",  QELS'92,  OSA  Technical  Digest  13,  34- 
35  (1992) 

M.  Jiang,  H.  Wang,  R.  Merlin,  D.G.  Steel,  "High  resolution  spectroscopic  measurements  of 
magneto-exciton  in  thin  film  GaAs,"  QELS’92,  OSA  Technical  Digest  13,  214-215  (1992). 

Hailin  Wang,  Kyle  Ferrio,  and  Duncan  Steel,  "Polarization  dependent  transient  nonlinear  optical 
response  of  heavy  and  light  hole  excitons  in  GaAs,"  Conference  on  Quantum  Electronics  and 
Laser  Science  (QELS'93). 

M.  Freeman,  Hailin  Wang,  Duncan  G.  Steel,  D.  Scifers,  H.  Craig,  "Amplitude  Squeezing  in  a 
Semiconductor  Quantum  Well  Laser,”  Conference  on  Quantum  Electronics  and  Laser 
Science  (QELS'93). 

Min  Jiang,  Hailin  Wang,  Roberto  Merlin,  D.G.  Steel,  "Nonlinear  optical  response  of  magneto¬ 
excitons  in  GaAs,"  Conference  on  Quantum  Electronics  and  Laser  Science  (QELS'93). 

Hailin  Wang,  M.  Freeman,  Duncan  G.  Steel,  D.  Scifers,  H.  Craig,  "Amplitude-Squeezed  Light 
by  Injection-Locking  of  Quantum  Well  Lasers"  Conference  on  Quantum  Electronics  and 
Laser  Science  (QELS'93). 

H.  Wang,  M.  Jiang,  R.  Merlin,  D.G.  Steel,  "Spin-flip  induced  spectral  hole  burning  of 
magnetoexcitons  in  GaAs/AlGaAs  quantum  wells,"  APS  March  Meeting,  APS  Bull.  37,p  708 
(1992). 


Education  Summary 

The  AFOSR  program  has  provided  a  very  active  education  environment  for  both  graduate 
students  and  undergraduate  students. 

Hailin  Wang,  Ph.D.,  Research  Investigator,  The  University  of  Michigan. 

Jeff  Remillard,  Ph.D.,  Staff  Engineering,  Ford  Research  Labs. 

Mike  Freeman  (Ph.D.  expected  in  1994) 

Laura  Grego  (B.  S.,  beginning  post  graduate  work  at  Cornell  or  Cal  Tech) 
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RESEARCH  PROGRESS  SUMMARY 


Nonlinear  Laser  Spectroscopy  Studies  in  Quantum  Wells 

In  this  Section  we  review  recent  results  obtained  m  the  study  of  excitons  in  GaAs/AlGaAs 
quantum  well  (QW)  structures  based  on  frequency  domain  and  time  domain  coherent  nonlinear 
spectroscopy.  The  discussion  emphasizes  the  study  of  the  dynamical  behavior  of  excitons  at  low 
temperature,  where  the  excitons  are  stable  against  ionization  by  LO  phonons.  At  sufficiently  low 
excitation  densities  the  coherent  emission  arises  from  the  third  order  optical  susceptibility.  In 
this  regime  the  excitonic  susceptibility  is  significantly  affected  by  the  effects  of  disorder  induced 
localization  of  the  excitons.  This  approach  is  in  contrast  to  other  work  which  has  emphasized 
studies  at  higher  excitation  density  to  examine  the  many  body  nature  of  the  interaction.  At  these 
high  densities  the  effects  of  disorder  are  reduced  due  to  saturation  of  that  part  of  the  response. 
By  working  at  low  excitation  density,  it  has  been  the  objective  of  our  group  and  others  to  learn 
more  about  the  nature  of  the  material  as  well  as  those  factors  which  could  ultimately  determine 
device  performance.  In  the  following  section,  we  will  demonstrate  how  the  nonlinear  optical 
interactions  may  be  more  complex  than  previously  identified  in  the  absence  of  disorder. 

Frequency  Domain  FWM  Spectroscopy 

High  resolution  frequency  domain  spectroscopy  based  on  cw  FWM  is  a  powerful  coherent 
spectroscopy  method  that  can  provide  information  on  various  relaxation  phenomena  and  energy 
level  structure.  In  addition,  this  method  can  eliminate  the  inhomogeneous  broadening  due  to 
interface  roughness  or  random  crystal  fields  .  This  latter  feature  enables  measurement  of  the 
homogeneous  line  shape.  Since  these  measurements  are  performed  in  energy  space,  they  are 
particularly  sensitive  to  relaxation  processes  involving  energy  shifts  of  the  excitation  (i.e., 
spectral  diffusion)  such  as  the  migration  of  excitons  between  different  energy  sites  discussed 
above.  The  narrow  excitation  bandwidth  also  permits  improved  spectral  resolution  over  the 
usual  time  domain  measurements.  This  feature  is  important  since  many  of  the  relaxation 
parameters  vary  spectrally  across  the  exciton  absorption  feature.  However,  the  frequency 
domain  measurements  lose  relative  sensitivity  with  increasing  polarization  excitation  decay  rates. 
In  this  case,  time  domain  measurements  remain  especially  helpful. 

For  frequency  domain  measurements  in  this  section,  we  use  the  experimental  configuration 
shown  in  Fig.  1  for  backward  four  wave  mixing.  Tuning  or  Q2  provides  a  line  shape 
determined  by  energy  relaxation  processes  (so-called  Ti  type  times)  including  spatial  diffusion 
rates  and  other  inelastic  type  scatter  processes  while  tuning  Q3  provides  a  line  shape  determined 
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by  the  homogeneous  broadening  (Tt)  and  spectral  diffusion  (the  scattering  of  an  exciton  from 
energy  E  to  energy  E'.)  This  latter  line  shape  is  free  of  inhomogeneous  broadening. 


GaAs  AlGaAs 


Figure  1.  Geometry  for  backward  four-wave  mixing  spectroscopy.  The  cross-hatched  regions  schematically 
represent  the  excitation  grating  created  by  fields  1  and  2. 

There  are  many  measurements  which  we  have  made  on  these  heterostructures  including 
determination  of  the  mechanism  of  relaxation  of  localized  excitons,  the  details  of  exciton 
mobilities,  etc.  and  these  are  presented  in  the  attached  reprints.  However,  two  classes  of 
measurements  have  been  particularly  significant.  We  will  focus  on  these  measurements  in  this 
review. 

The  first  measurement  demonstrates  spectral  hole  burning  and  enables  the  first  direct 
confirmation  of  spectral  diffusion  of  excitons  between  localization  sites.  In  these  experiments,  a 
grating  formed  by  E,  ■  E3  creates  a  spatial  modulation  of  the  exciton  population  and  a 
corresponding  spectral  hole.  The  four  wave  mixing  line  shape  obtained  by  tuning  Q3  then 
probes  the  resulting  spectral  hole  as  well  as  the  effects  of  spectral  diffusion.  Figure  2  shows  a 
FWM  line  shape  where  excitons  are  optically  excited  by  E,  Ej  1.5  meV  below  the  absorption 
line  center.  The  narrow  resonance  in  the  response  corresponds  to  exciton  spectral  hole  burning, 
and  the  width  of  the  hole  gives  an  exciton  homogeneous  line  width  of  2yph~  0.04  meV,  assuming 
no  contribution  due  to  spectral  diffusion.  (Recall  that  in  the  absence  of  spectral  diffusion,  the 
observed  width  is  4yph.) 

The  broad  Stokes  shifted  feature  in  Fig.  2  is  due  to  the  quasi-equilibrium  distribution  of  the 
exciton  population,  and  the  response  is  a  function  of  the  steady  state  exciton  population  assuming 
all  excitons  in  the  spectral  region  concerned  give  rise  to  the  same  cw  nonlinear  response.  The 
FWM  line  shape  in  Fig.  2  can  be  fit  to  a  simple  model  which  neglects  migration  to  states  above 
the  excitation  energy.  The  calculation  is  based  on  the  nonlinear  optical  response  of  a  simple  two 
level  system  and  assumes  a  Gaussian  distribution  for  the  quasi-equilibrium  population  of 
excitons  that  have  migrated  to  states  below  the  excitation  energy.  The  spectral  profile  of  the 
hole-burning  resonance  is  assumed  to  be  Lorentzian.  The  result  is  plotted  as  the  solid  line  in  Fig. 
2. 
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Exciton  Energy  (eV) 

Figure  2.  The  nondegenerate  four-wave  mixing  response  obtained  by  tuning  Q3.  The  line  shape  is  determined 
by  homogeneous  broadening  as  well  as  contributions  from  spectral  diffusion  in  the  limit  that  loo-tiH i<<P,  the 

spectral  diffusion  rate.  The  narrow  feature  is  the  spectral  hole  produced  by  E,  •  E^  1.5  meV  below  absorption 
line  center.  The  broad  feature  represents  the  quasi-equilibrium  distribution  of  excitons  produced  by  spectral 
diffusion. 

Further  insight  into  the  mechanism  of  exciton  migration  is  had  by  returning  to  the  data  in  Fig 
2  and  measuring  the  spectral  diffusion  rate  as  a  function  of  temperature  since  the  migration 
process  is  likely  to  involve  absorption  or  emission  of  acoustic  phonons.  The  theoretical  model 
for  phonon  assisted  exciton  migration  was  developed  recently  by  Takagahara.  In  the  model, 
excitons  resonantly  excited  ate  in  a  non-equilibrium  state  and  can  migrate  to  other  sites  by 
emitting  or  absorbing  acoustic  phonons.  Migration  is  possible  due  to  the  overlap  of  the  exciton 
wave  function  in  different  sites  when  the  inter-site  distance  is  small.  When  the  inter-site  distance 
is  much  greater  than  the  localization  length  the  process  occurs  by  inter-site  dipole-dipole 
coupling.  The  typical  magnitude  of  participating  phonon  wave  vectors  is  within  a  few  times  of 
the  inverse  of  the  localization  length  corresponding  to  phonon  energies  of  order  0.01  to  0.1  meV. 
The  theory  predicts  a  distinctive  temperature  dependence  for  the  migration  rate.  At  low 
temperatures,  the  dependence  is  described  by  exp([3Ta).  In  this  expression,  (3  is  positive  and 
independent  of  temperature  but  is  expected  to  increase  with  the  exciton  energy  and  depends  on 
details  of  interface  roughness;  a  is  estimated  to  be  between  1.6  and  1.7.  The  predicted 
temperature  dependence  is  quite  different  from  that  of  variable  range  hopping  used  by  Mott  to 
interpret  electronic  conduction  in  the  localized  regime.  The  difference  has  been  attributed  to  the 
long-range  nature  of  the  inter-site  interaction  and  the  phonon  emission  process  involved  in  the 
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migration  of  the  localized  exciton.  The  temperature  dependence  has  been  observed  m  transient 
hole  burning  experiments  in  an  InGaAs/InP  QW  where  all  excitons  are  localized  by  alloy 
disorder.  Our  measurements  discussed  in  the  reprints  show  that  this  behavior  also  characterizes 
GaAs  quantum  wells.  However,  in  this  case,  the  disorder  is  more  likely  due  to  interface 
roughness.  As  we  show  in  an  attached  reprint,  the  measurements  show  that  the  temperature 
dependence  is  well  fit  by  Takagahara's  model. 

The  great  precision  afforded  in  frequency  domain  FWM  measurements  and  the  ability  to 
eliminate  inhomogeneous  broadening  is  also  useful  to  obtain  new  information  on  energy  level 
structure.  This  is  especially  powerful  in  cases  where  linear  spectroscopic  methods  fail  due  to  the 
large  inhomogeneous  broadening  compared  to  the  relevant  energy  scale.  The  capability  has  been 
critical  in  our  studies  of  spin  flip  induced  hole  burning  and  measurements  of  the  exciton  Zeeman 
splitting  in  modest  magnetic  fields. 

To  understand  these  experiments,  we  note  that  the  electronic  energy  spectrum  of  quantum 
well  structures  is  fully  quantized  under  a  magnetic  field  parallel  to  the  growth  axis.  Optical 
absorption  reveals  a  ladder  of  magnetoexcitons  corresponding  to  transitions  between  electron  and 
hole  Landau  levels.  The  accompanying  Zeeman  splitting  lifts  the  Kramers  degeneracy  and  is 
characterized  by  an  effective  g-factor  which  depends  sensitively  on  the  details  of  the  band 
structure.  In  addition,  the  energy  separation  betweennhe  different  spin  leads  to  an  increase  in  the 
spin  relaxation  time  since  now  spin  relaxation  can  only  take  place  via  inelastic  processes. 

There  have  been  numerous  studies  of  the  electron  g-factor,  however,  determination  of  the 
Zeeman  splitting  has  been  more  difficult  because  of  the  large  inhomogeneous  broadening  due  to 
disorder  and  the  fact  that  the  exciton  Zeeman  splitting  in  a  quantum  well  is  much  smaller  than  in 
bulk.  Earlier  magneto-reflectance  measurements  were  able  to  resolve  Zeeman  splittings  for  the 
light-hole  but  not  the  heavy-hole  exciton.  However,  using  the  methods  described  above,  we  have 
been  able  to  obtain  the  first  direct  measurements  of  the  exciton  Zeeman  splitting  in  a  GaAs 
quantum  wells.  The  measurements  reveal  a  heavy-hole  splitting  much  smaller  than  that  reported 
for  bulk  GaAs  at  low  magnetic  field,  and  show  a  nonlinear  dependence  of  the  splitting  on 
magnetic  field  strength.  The  results  reflect  the  effects  of  the  complex  band  structure  of  a 
quantum  well. 

In  these  experiments,  a  nearly  monochromatic  optical  beam  with  o.  circular  polarization  is 
used  to  excite  a  narrow  spectral-hole  at  the  lowest  heavy-hole  (HH1)  exciton  associated  with  the 
3/2  to  1/2  transition  (see  Fig.  3  for  the  2-D  exciton  energy  level  diagram  in  a  magnetic  field). 
The  width  of  the  spectral-hole  is  determined  by  the  homogeneous  line  width.  Spin  relaxation  of 
these  excitons  generate  a  spectral-hole  of  excitons  associated  with  the  -3/2  to  -1/2  transition.  The 
induced  spectral  hole  burning  is  probed  using  an  optical  beam  with  a+  circular  polarization. 
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Zeeman  splitting  can  then  be  obtained  by  measuring  the  energy  spacing  between  the  spm-fiip- 
induced  spectral  hole  and  the  original  spectral  hole  resonance. 


Figure  3.  Energy  level  diagram  and  experimental  configuration  for  FWM  studies  of  magnetoexcuons  m  a 
quantum  well. 

In  practice,  the  measurements  proposed  above  are  complicated  by  strong  spectral  diffusion  of 
the  localized  excitons,  as  seen  in  Fig.  2.  In  the  limit  where  the  spin-flip  time  is  long  compared 
with  the  spectral  diffusion  time,  nearly  all  spin-flipped  excitons  have  diffused  in  energy.  Hence, 
the  spin-flip-induced  spectral  hole  burning  resonance  will  be  completely  smeared  out  by  the 
spectral  diffusion  process.  To  avoid  the  above  complications,  we  exploit  the  power  of  FWM 
spectroscopy  which  enables  us  to  eliminate  the  spectral  diffusion  contribution  to  the  lineshape. 
As  before,  nearly  (frequency)  degenerate  beams  Ei  and  E2  interfere  in  the  sample  to  excite  a 
traveling  wave  grating  which  oscillates  at  a  frequency  equal  to  the  detuning  between  the  two 
beams  <5  =  [Q2-Q,|.  The  amplitude  of  the  grating  is  proportional  to  (5  +  iT^)  .  Measuring 

the  FWM  signal  as  a  function  of  C03  probes  the  spectral  profile  of  the  grating.  In  the  presence  of 
spectral  diffusion,  the  spectral-hole  excited  by  E,  E2  diffuses  in  energy  and  the  FWM  response 
arises  from  both  the  spectral-hole  and  the  quasi-equilibrium  distribution  of  the  exciton 
population  as  discussed  above.  The  decay  of  the  spectral  hole  is  determined  by  the  sum  of  the 
exciton  spectral  diffusion  and  recombination  rates.  However,  the  life  time  of  the  quasi¬ 
equilibrium  distribution  is  determined  solely  by  the  recombination  time  of  the  exciton  as  we 
discussed  earlier  .  In  the  limit  where  the  spectral  diffusion  rate  is  much  larger  than  the  exciton 
recombination  rate,  detuning  Ei  and  E2  by  an  amount  large  compared  with  the  recombination 
rate  (but  still  smaller  than  or  comparable  with  the  spectral  diffusion  rate)  significantly  decreases 
the  amplitude  of  the  grating  associated  with  the  quasi-equilibrium  distribution.  As  a  result,  the 
FWM  nonlinear  optical  response  w  ill  be  dominated  by  the  spectral  hole  burning  resonance. 

For  these  measurements,  experiments  were  carried  out  at  2.5  K  using  a  split-coil 
superconducting  magnet.  The  effects  of  spectral  diffusion  were  reduced  on  the  spectral  hole 
burning  resonance  by  using  tw'o  acousto-optic  modulators  to  set  the  detuning  between  E]  and  E2 
to  140  MHz.  In  the  first  set  of  measurements,  we  used  three  circularly  polarized  optical  beams 
rotating  in  the  same  direction  in  the  lab  frame.  The  nonlinear  optical  response,  shown  as  squares 
in  Fig.  4,  involves  only  the  a.  excitons  associated  with  the  3/2  to  1/2  transition.  As  expected,  the 
contribution  from  spectral  diffusion  is  nearly  nonexistent. 
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Exciton  Energy  (eV) 

Figure  4.  The  FWM  response  of  magnetoexcitons  in  a  quantum  well  obtained  by  dining  013.  The  grating  is 
written  using  or.  polarized  Ei  and  E2  The  high  frequency  resonance  is  the  original  spectral  hole  observed 
when  E3  is  a.  polarized  while  the  lower  frequency  resonance  is  the  result  of  spin  flip  induced  hole  burning, 
observed  when  E3  is  <T+  polarized. 

When  the  electron  or  hole  associated  with  a  0.  exciton  created  with  E,  •  E  j  flip  their  spin,  the 
nonlinear  response  probed  by  reversing  the  polarization  direction  of  the  third  beam  will  exhibit  a 
resonance  associated  with  a  spectral  hole  located  at  the  energy  of  the  0+  exciton.  The  nonlinear 
response  at  the  0+  exciton  arises  due  to  phase  space  filling  caused  by  the  presence  of  electrons 
(holes)  with  -1/2  (+3/2)  angular  momentum.  The  resulting  resonance,  shown  as  circles  in  Fig.  4, 
clearly  shows  narrow  spectral  hole  burning  at  a  lower  energy.  The  energy  difference  is  the 
exciton  Zeeman  splitting,  which  is  0.19  meV  at  4T.  The  nearly  constant  background  signal  in 
Fig.  6  is  due  to  excitons  that  have  spectrally  diffused.  Note  that  spin-flips  of  0+ excitons  require 
absorption  of  acoustic  phonons,  and  are  slower  compared  with  spin-flips  of  0.  excitons.  The 
observed  spin-flip-induced  spectral  hole  burning  resonance  is  considerably  weaker  at  4T  when 
E,  •  Ej  excites  o+  excitons. 

Recent  measurements  have  shown  that  at  low  and  intermediate  magnetic  field,  the  electron  g- 
factor  at  the  lowest  Landau  level  in  GaAs  quantum  wells  is  close  to  the  value  for  bulk  GaAs.  In 
contrast,  the  Zeeman  splitting  of  the  HH1  exciton  obtained  above  is  very  small  in  comparison 
with  that  reported  for  bulk  GaAs.  Our  results  seem  to  be  in  agreement  with  the  earlier  magneto¬ 
reflectance  measurements  where  the  heavy  hole  Zeeman  doublet  was  not  resolved.  Small 
Zeeman  splittings' attributed  to  the  strong  valence  band  mixing  in  quantum  well  structures  have 
been  recently  predicted  by  numerical  calculations  of  magnetoexcitons  using  the  Luttinger 
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Hamiltonian.  In  particular,  the  mixing  of  c.  excitons  with  excitons  at  higher  energy  pushes  the 
C.  exciton  to  lower  energy.  The  theory  also  predicts  an  eventual  sign  change  of  the  Zeeman 
splitting  at  higher  magnetic  fields  where  the  band  mixing  effects  overcome  those  of  the  Zeeman 
interaction.  However,  theoretical  determination  of  the  magnetic  field  at  which  the  zero  crossing 
occurs  is  difficult  since  the  cancellation  of  the  two  competing  contributions  depends  strongly  on 
parameters  of  the  model.  The  sign  change  of  the  splitting  has  not  been  observed  in  our 
measurements  up  to  6  T, 


Magnetic  Field  (T) 

Figure  5.  Magnetic  field  dependence  of  the  magnetoexciion  Zeeman  splitting. 

Figure  5  displays  the  magnetic  field  dependence  of  the  Zeeman  splitting  for  the  HH1  exciton. 
the  validity  of  the  quadratic  dependence  indicated  in  the  figure  (dashed  line)  is  clearly 
questionable  since  our  data  covers  only  a  relatively  small  field  range.  Nevertheless,  the  observed 
field  dependence  is  somewhat  surprising  since  the  calculations  predict  a  field  dependence  slower 
than  linear.  The  observed  dependence  may  be  due  in  part  to  the  nonparabolicity  of  the 
conduction  band  which  was  not  included  in  the  calculations. 

Picosecond  Transient  FWM  Spectroscopy 

In  this  section,  we  summarize  our  experimental  results  based  on  using  coherent  transient 
techniques,  specifically  stimulated  photon  echoes  and  free  polarization  decay  based  on  the 
backward  FWM  geometry  shown  in  Fig.  6.  Compared  to  cw  FWM  spectroscopy,  these  methods 
are  more  sensitive  to  phenomena  characterized  by  a  range  of  dephasing  times  since  the  amplitude 
of  the  signal  is  independent  of  the  dephasing  time  when  the  pulse  widths  are  short  compared  to 
these  times.  As  in  the  case  of  cw  FWM,  coherent  nonlinear  transient  effects  can  also  eliminate 
the  effects  of  inhomogeneous  broadening,  although  these  methods  are  not  as  sensitive  to  energy 
dependent  decay  phenomena  such  as  spectral  diffusion.  In  the  presence  of  inhomogeneous 
broadening,  the  emission  in  a  transient  FWM  experiment  is  delayed  with  respect  to  the  last  pulse 
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and  is  called  a  photon  echo,  whereas  in  a  homogeneously  broadened  system,  the  signal  is  prompt 

and  called  a  free  polarization  decay. 

a)  b)  c) 


1 _ A _  1  __A 


Figure  6.  Experimental  geometry  and  timing  sequence  for  three  pulse  TFWM.  In  ib),  the  system  is 
homogeneously  broadened  and  the  signal  field  is  a  free  polarization  decay  emitted  coincident!)-  with  the  third 
field.  In  (c),  the  system  is  inhomogcneously  broadened,  and  the  signal  is  a  stimulated  photon  echo  emitted  at  a 
time  after  the  third  pulse  equal  to  the  lime  difference  between  the  first  and  second  pulses. 

Coherent  optical  transient  effects  arising  from  atomic  transitions  are  now  well  understood 
and  have  provided  extensive  information  on  decay  processes  of  isolated  atoms  as  well  as  atoms 
undergoing  collisions  with  neutral  ground  state  perturbers.  However,  there  has  been  recent 
progress  in  developing  the  theoretical  formalism  for  understanding  coherent  interactions  in 
semiconductors  as  discussed  elsewhere.  As  discussed  above,  because  the  carriers  are  Fermions, 
this  problem  is  considerably  more  complex  than  simple  atomic  systems. 

Work  in  this  program  has  included  the  use  of  transient  FWM  studies  of  the  response  where 
we  have  time  resolved  the  emission.  As  discussed  in  the  attached  reprints,  we  have  observed 
highly  complex  temporal  behavior  at  low  to  moderate  excitation  density.  These  results  which 
could  not  be  satisfactorily  explained  by  either  the  modified  optical  Bloch  equations  o  the  more 
accurate  semiconductor  Bloch  equations  have  motivated  our  most  recent  series  of  experiments, 
discussed  in  detail  in  the  attached  preprint  and  summarized  here. 

To  understand  the  results,  we  first  note  that  for  these  experiments  it  is  easy  to  show  b  sed  on 
the  existing  semiconductor  Bloch  equations  that  self  diffracted  FWM  experiments  using  1. -early 
polarized  light  should  give  a  signal  amplitude  which  is  independent  of  the  relative  orientation  of 
the  two  polarizations  of  the  two  input  fields.  However,  as  indicated  above  in  our  own 
experiments  and  in  other  labs  (in  quantum  wells)  this  is  not  the  case.  Hence,  if  biexciton  effects 
were  excluded,  it  was  clear  that  the  nonlinear  response  had  to  arise  from  a  spin  independent 
coupling.  Based  on  numerical  estimates,  we  believed  that  the  most  likely  explanation  was  that 
the  nonlinear  response  was  due  to  classical  Coulomb  scattering. 

For  these  experiments,  we  worked  in  high  quality  GaAs  to  avoid  problems  associated  with 
disorder  in  quantum  wells.  Figure  7  shows  the  simple  differential  transmission  spectrum.  The 
heavy  hole  shows  the  classical  second  derivative  type  response  of  collisionai  broadening. 
Indeed,  the  area  under  the  curve  is  only  5%  of  the  positive  area,  i.e.,  it  is  nearly  zero  as  expected 
for  a  nonlinear  response  arising  due  to  collisionai  broadening. 
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Figure  7.  DT  spectrum  at  an  exciton  density  of  SxlO^/cnv*.  dashed  line  is  a  fit  to  the  assumed  subtracted- 
Lorentzian  corresponding  to  the  simple  model  of  the  nonlinear  response  for  the  heavy  hole  due  to  pressure 
broadening.  Inset :  Linear  absorption  of  the  sample.  The  sample  is  strained  to  remove  the  heavy-hole-light- 
hole  degeneracy.  The  heavy  hole  is  higher  energy  in  this  case  compared  to  the  light  hole. 

To  further  confirm  the  internal  consistency  of  this  result,  we  showed  that  the  1+1  >  hhl 
exciton  -  1+1  >  hhl  exciton  scattering  cross  section  is  the  same  as  the  I- 1  >  hh  exciton  !+l>  hh 
exciton.  (I+1>  and  l-l>  correspond  to  exciton  excited  from  the  m=-3/2  to  m=-l/2  state  and 
m=+3/2  to  m=+l/2  state,  respectively.)  Figure  8a  shows  the  result  of  the  FWM  response 
measured  with  a+  polarized  light.  The  response  is  determined  with  and  with  out  a  prepulse 
which  either  created  l+l>  or  l-l>  exciton.  As  shown  the  FWM  response  is  reduced  identically, 
independent  of  which  exciton  is  created  by  the  prepulse.  The  reduction  of  the  FWM  amplitude 
with  increased  dephasing  is  another  unique  signature  of  the  collision  induced  nonlinear  response. 

Since  the  co-polarized  scattering  is  due  to  both  Coulomb  scattering  as  well  as  manybody  spin 
dependent  effects  such  as  exchange,  we  would  expect  the  co-polarized  response  to  be  larger.  In 
addition,  as  the  excitation  density  increases  resulting  in  an  increase  in  the  scattering  rate,  the  ratio 
should  decrease,  asymptotically  approaching  1  as  the  scattering  rate  approaches  a  constant.  This 
behavior  is  shown  in  Fig.  8b. 
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The  theoretical  predictions  (S.  W.  Koch  et  al„  The  University  of  Arizona)  based  on  the 
semiconductor  Bloch  equations  are  shown  in  Fig.  9.  These  predictions  are  in  excellent 
agreement  with  the  experimental  results  and  are  the  result  of  the  addition  of  dynamical  terms  in 
the  equations  of  motion.  These  terms  enter  as  an  imaginary  part  of  the  exciton  self-energy. 

Work  to  demonstrate  this  behavior  in  quantum  wells  is  currently  underway,  however,  we 
have  previously  demonstrated  that  at  low  excitation  densities,  electromagnetic  scattering  is  spin 
independent  while  at  higher  excitation  densities,  the  scattering  is  spin  dependent,  as  shown  in 
Fig.  10.  In  this  figure,  we  plot  the  polarization  of  the  signal  as  a  function  field  intensity.  The 
grating  is  written  with  circupolarized  fields  and  read  with  a  linealry  polarized  field.  The  results 
show  that  low  intensity,  the  scattering  is  independent  of  the  polarization  of  E3  while  at  high 
intensity,  the  interaction  is  becoming  polarization  dependent.  The  picture  is  totally  consistent 
with  the  understanding  developed  in  bulk  material. 
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Exciton  Density  (1015/cm' 


Figure  8.  (a)  Effect  of  <7+  and  a-  prepuises  on  the  hh  FWM  responses.  Measurements  as  a  function  of  delay 
between  E2  and  Ej.  (b)  Ratio  of  co-  and  cross-  linearly  polarized  FWM  signals  at  the  hh  resonance  as  a 
function  of  the  exciton  density  generated  by  the  prepulse.  Dashed  lines  are  guide  to  eyes. 
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Exciton  Density  (1015/cm3) 


Figure  10.  The  signal  depolarization  as  a  function  of  incident  flux  when  E]  and  Ej  are  co-circularly-polarized 
and  E3  is  linearly  polarized.  For  the  vertical  axis  1+  is  the  intensity  for  the  signal  component  co-polarized  with 
E]  and  E2  and  I.  is  the  component  cross-polarized,  hence  a  polarization  of  zero  indicates  linear  polarization  and 
a  value  of  1  indicates  circular  polarization  of  the  same  sense  as  the  First  two  fields.  At  low  intensity,  the 
scattering  of  E3  is  nearly  independent  of  the  E3  polarization. 


(NOTE:  The  work  presented  in  this  report  on  the  collisional  nonlinearity  was  initiated  under  this  program,  but  was 
completed  on  a  new  AFOSR  program  after  this  program  was  terminated.  For  completeness  and  because  of  the 
importance  of  this  work  and  because  this  program  was  critical  in  making  these  measurements  a  reality,  this  work 
was  included  in  this  report.) 
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Quantum  Optical  Effects  in  Semiconductors  and  Photon  Number  Squeezing 

Amplitude  squeezed  light,  which  is  characterized  by  photon  number  noise  below  the  shot 
noise  limit  (SNL),  is  of  fundamental  interest  in  optical  physics  and  is  potentially  useful  for 
precision  measurements  and  optical  communication.  In  this  work,  we  initiated  a  collaboration 
with  Spectra  Diode  to  demonstrate  that  high  impedance  pump  noise  suppression  could  be  used  to 
generate  amplitude  squeezing  in  an  index  guided  quantum  well  laser.  The  work  was  motivated 
in  part  by  the  first  demonstration  of  this  effect  (using  a  TJS  laser)  by  Yamamoto  at  NTT.  Light 
exhibiting  photon  number  noise  1.4  dB  below  the  shot  noise  limit  was  observed  and  the 
corresponding  polarization  properties  were  studied.  This  work  also  demonstrated  that  close 
coupling  of  the  laser-detector  combination  made  with  an  unsaturated  detector  revealed  2.9  dB  of 
squeezing. 

A  typical  run  exhibiting  1.4  dB  of  squeezing  is  shown  in  Fig.  11  (trace  c)  for  a  current 
bias  level  of  1/1*=  19,  where  I*  is  the  threshold  current  for  lasing.  For  these  experiments,  the 
laser  and  a  collimating  lens  are  placed  inside  a  cryostat  (The  periodic  structure  is  due  to  a  delay 
line  which  enables  a  simultaneous  observation  of  the  sum  and  difference  from  the  balanced 
detectors.  The  sum  corresponds  to  the  amplitude  noise  and  the  difference  establishes  the  shot 
noise  level.)  The  observed  (I1-I2)  noise  level  agrees  well  with  the  shot  noise  level  established 
independendy  with  a  red  filtered  white  light  source  (trace  b)  and  with  a  LED.  The  thermal 
background  noise  level  (trace  d)  was  subtracted  from  both  curves.  This  data  was  taken  with  the 
laser  at  15K,  where  the  emission  wavelength  was  810  nm,  the  threshold  current  was  0.9  mA,  and 
the  differential  quantum  efficiency  was  78%.  The  laser  current  to  detector  current  transfer  ratio 
was  0.51  mA/mA  above  threshold,  and  thus  the  overall  detection  quantum  efficiency  was  65%. 
Correcting  for  this  detection  efficiency,  the  1.4  dB  of  observed  squeezing  corresponds  to  2.4  dB 
of  squeezing  at  the  laser  output  facet. 

A  significant  increase  in  the  difference  current  noise  level  appeared  when  a  polarizer 
(extinction  ratio  >104:1)  located  between  the  laser  and  the  detection  setup  was  removed  (trace  a 
of  Fig.  1 1).  Previous  amplitude  squeezing  experiments  using  similar  balanced  detection  schemes 
were  not  sensitive  to  this  type  of  noise  because  an  optical  isolator  was  used.  The  extra  noise 
results  from  the  use  of  a  polarization  beam  splitter  (PBS)  and  initially  appears  surprising  since 
the  polarization  extinction  ratio  of  the  laser  was  better  than  400.  However,  the  PBS  mixes  the 
initially  orthogonally  polarized  fields  generated  by  the  laser,  leading  to  the  increased  noise.  The 
theoretical  justification  for  this  is  provided  in  an  attached  reprint. 
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Figure  1 1.  Balanced  mixer  amplitude  fluctuation  spectra  far  the  laser  (traces  a  and  c)  and  for  a  red  filtered 
white  light  source  (trace  b).  All  three  were  taken  with  a  total  dc  photo  detector  current  of  8.00  mA.  The 
amplifier  thermal  noise  (trace  d)  was  subtracted  in  traces  a,  b,  and  c  and  is  given  for  reference. 

Given  the  differential  quantum  efficiency  of  our  laser,  at  least  6.6  dB  of  squeezing  at  the  laser 
output  facet  is  theoretically  expected  far  above  threshold.  The  discrepancy  between  this  value 
and  the  largest  observed  squeezing  (2.4  dB  at  the  output  facet)  is  likely  due  to  a  combination  of 
multimode  operation  and  weak  optical  feedback  into  the  laser.  Measurements  of  the  laser  output 
spectrum  indicate  that  there  is  a  strong  correlation  between  power  in  modes  other  than  the 
primary  lasing  mode  and  increased  photon  number  noise,  eventually  leading  to  a  loss  of 
squeezing  at  high  pump  levels  (l/Ith>35).  Optical  feedback  may  also  play  a  role,  though 
replacing  the  polarizer  with  an  optical  isolator  (isolation  >40  dB)  did  not  increase  the  observed 
squeezing. 

To  characterize  the  squeezing  in  a  high  detection  efficiency  and  low  optical  feedback  regime, 
a  second  set  of  experiments  was  performed.  These  experiments  consisted  of  close-coupling  the 
laser  to  a  single  detector  and  directly  monitoring  the  photocurrent  noise  spectrum.  Since  this 
configuration  relies  on  direct  detection  instead  of  a  balanced  mixer,  the  shot  noise  level  must  be 
calibrated  independently  and  then  compared  to  the  noise  level  generated  by  the  laser.  This  raises 
a  concern  because  differing  conditions  between  calibration  and  laser  noise  measurement,  such  as 
spot  size,  could  alter  detector  saturation,  making  interpretation  of  the  experimental  results 
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difficult.  For  example,  increased  saturation  due  to  a  laser  spot  size  much  smaller  than  that  of  the 
calibration  source  would  lead  to  a  lower  displayed  noise  power  and  thus  could  be  mistaken  for 
amplitude  squeezing.  The  details  of  the  exhaustive  studies  made  to  avoid  these  problems  are 
described  in  the  reprint.  The  saturation  effects,  however,  are  demonstrated  in  Fig.  12a 

For  these  experiments,  the  shot  noise  level  was  again  calibrated  using  a  red  filtered  white 
light  source  and  verified  with  a  LED.  To  minimize  possible  errors,  the  detector  and  its  associated 
amplifiers  were  kept  at  room  temperature  while  the  laser  was  cooled  to  10K.  Here  the  threshold 
current  was  0.78  mA,  and  the  differential  laser  current  to  detector  current  transfer  ratio  above 
threshold  was  0.67  mA/mA.  The  results  of  one  experiment  for  a  bias  level  of  I/Ith=16  (detector 
current  8.00  mA)  are  shown  in  Fig.  12b.  The  amount  of  squeezing  obtained  in  the  limit  of  low 
frequencies  (where  the  effects  of  saturation  are  smallest)  fell  between  2.4  and  2.9  dB  as  the 
distance  between  the  laser  and  detector  was  varied  from  1.5  mm  (0.17  mm2  spot  size)  to  3.5  mm 
(.92  mm2  spot  size),  and  did  not  increase  at  higher  bias  levels.  Due  to  a  lack  of  direct  correlation 
with  distance,  this  slight  variation  in  squeezing  is  believed  to  have  been  due  to  weak  optical 
feedback  from  the  detector  to  the  laser  which  was  dependent  on  the  exact  orientation  of  the  two 
devices.  When  corrected  for  the  detection  quantum  efficiency  of  85%,  2.9  dB  of  squeezing 
corresponds  to  3.7  dB  at  the  output  facet  of  the  laser. 

While  the  observed  squeezing  level  increased  in-the  close  coupled  geometry,  the  value  was 
still  below  the  theoretically  expected  value  of  6.6  dB.  Other  lasers  of  the  same  type  gave  similar 
levels  of  squeezing,  although  the  temperature  at  which  the  maximum  squeezing  was  observed 
varied  from  laser  to  laser.  Simultaneous  monitoring  of  the  laser  mode  (by  collecting  light  from 
the  back  facet  and  analyzing  it  with  a  monochromater)  and  amplitude  fluctuations  revealed  that 
longitudinal  mode  characteristics  were  responsible  for  this  temperature  dependence.  The  best 
squeezing  was  obtained  with  a  dominant  primary  mode,  indicating  that  cross  gain  saturation  did 
not  result  in  complete  negative  cross  correlation  between  the  modes.  As  the  side  mode  power 
(relative  to  the  main  mode)  and  the  number  of  side  modes  increased,  so  did  the  amplitude  noise. 
Unfortunately  at  high  pump  levels,  this  always  occurred  (typically  I/Ith>25)  and  is  the  likely 
reason  the  full  theoretical  level  of  squeezing  could  not  be  attained  in  this  system.  This  raises  the 
possibility  that  mode  stabilization  may  enhance  the  observed  squeezing. 

We  note  in  closing  of  this  section  that  these  conclusions  regarding  the  impact  of  side  modes 
have  now  been  confirmed  in  the  new  AFOSR  program  and  a  dramatic  improvement  has  been 
obtained.  These  results  were  described  at  QELS’93  in  a  post  deadline  paper  and  will  be 
described  in  the  annual  report  for  the  new  program. 
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Figure  12.  (A)  A  red  filtered  white  light  source  was  used  to  study  the  frequency  dependent  saturation 
characteristic  of  the  detector.  The  frequencies  shown  are:  (a)  10  MHz,  (b)  50  MHz.  (c)  100  MHz,  and  (d)  150 
MHz.  The  broken  line  represents  the  response  of  an  ideal'detector.  (B)  Demonstration  of  the  amplitude 
squeezing  obtained  upon  dose  coupling  the  diode  laser  and  detector.  Trace  (a)  shows  the  laser  noise  spectra, 
trace  (b)  shows  the  shot  noise  level  corresponding  to  trace  (a),  and  trace  (c)  shows  the  amplifier  thermal  noise 
level  which  was  subtracted  from  traces  (a)  and  (b). 


SUMMARY 

In  summary,  this  program  has  enabled  us  to  make  considerable  progress  both  in  the  area  of 
understanding  the  nonlinear  optical  response  and  complex  dynamics  in  semiconductors  but  also 
in  allowing  us  to  develop  a  new  area  of  research  in  the  area  of  quantum  optics  of  semiconductors. 
In  addition  to  the  new  intellectual  efforts  and  progress,  we  have  also  established  strong 
collaborations  with  industry  as  well  as  another  University  which  has  allowed  us  to  demonstrate 
sub-shot  noise  operation  of  quantum  well  lasers  as  well  as  significant  new  features  in  the 

s' 

nonlinear  optical  response  of  semiconductors.  The  current  program  is  already  building  on  this 
progress  with  the  demonstration  of  improved  squeezing  by  mode  suppression  and  studies  on 
semiconductor  quantum  dots. 
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We  present  measurements  of  differential  transmission  and  four-wave  mixing  in  GaAs  quantum 
well  structures  at  1.8  K  near  the  inhomogeneously  broadened  lowest  heavy -hole  {'nh\ )  exciton 
resonance  using  narrow  band  cw  excitation.  The  data  show  an  increase  in  absorption  and  an 
excitation  lifetime  of  order  1-10  ps,  outside  the  spectral  hole  produced  by  the  pump  The  long 
lifetime  and  the  experimentally  determined  absence  of  excitation  spatial  diffusion  in  this  region 
suggests  that  optical  absorption  produces  electron-hole  pairs  that  are  correlated  but  separately 
localized  due  to  disorder.  A  phenomenological  mode!  is  proposed  to  explain  the  nonlinear 
response  based  on  two-photon  absorption. 


The  optical  properties  immediately  below  the  band 
edge  of  direct  band-gap  semiconductors  are  dominated  by 
excitonic  effects.  In  a  quantum  well  (QW),  the  strong  tran¬ 
sient  nonlinear  optical  response  associated  with  the  exciton 
resonance  has  been  shown  by  numerous  theoretical  and 
experimental  studies  to  be  due  to  many-body  effects  includ¬ 
ing  phase  space  filling,  exchange  effects  and  to  a  lesser 
degree,  screening.1  However,  the  nonlinear  response  and 
exciton  dynamics  are  greatly  complicated  and  qualitatively 
changed  by  the  presence  of  interface  disorder  in  QW  struc¬ 
tures."  Early  measurements  suggested  large  atomically  flat 
areas  at  the  interface.'  More  recent  measurements  show 
the  presence  of  monolayer  flat  island  formation  on  a  scale 
of  50  A,4  leading  to  the  proposal  that  there  is  a  bimodal 
distribution  for  island  size.5  At  low  temperature,  excrcons 
can  be  localized  by  the  interface  disorder  which  leads  to 
strong  inhomogeneous  broadening  of  the  optical  absorp¬ 
tion  spectrum-  Localized  excitons.  however,  can  migrate 
between  localization  sites  by  emitting  and  absorbing  acous¬ 
tic  phonons.0  7 

To  improve  the  understanding  of  the  intrinsic  nonlin¬ 
ear  optical  response  and  the  effects  of  disorder  in  GaAs 
quantum  well  structures,  we  present  what  we  believe  are 
the  first  measurements  of  the  cw  nonlinear  response  near 
the  lowest  heavy-hole  (Ml)  exciton  at  low  temperature 
(1.8-5  K)  where  the  effects  of  disorder  is  a  dominating 
factor.  The  experiments  are  based  on  nondegenerate  differ¬ 
ential  transmission  (DT)  and  four- wave  mixing  (FWM). 
Nondegenerate  DT  measures  the  sign  and  magnitude  of 
the  imaginary  part  of  the  third-order  susceptibility  while 
nondegenerate  FWM  measures  the  magnitude  (squared) 
of  the  third-order  susceptibility  and  is  useful  for  determin¬ 
ing  various  relaxation  rates.8,9  While  the  results  of  many- 
body  theory1  have  been  highly  successful  in  accounting  for 
the  nonlinear  response  observed  using  short  pulse  excita¬ 
tion  at  high  excitation  density  (  >  109  excitons/cm 2/ 
layer),10  we  show  in  this  letter  that  the  present  understand¬ 
ing  cannot  account  for  the  experimental  results  observed  at 
low  excitation  density  under  cw  excitation.  We  believe  the 
discrepancy  is  due  to  the  presence  of  disorder  and  propose 
a  possible  phenomenological  model  to  explain  the  data. 

The  data  reported  in  this  letter  are  obtained  in  QW 
structures  consisting  of  65  periods  of  96  A  GaAs  wells  and 


98  A  Air  ;G a^  -As  barriers,  grown  at  630  “C  by  molecular 
beam  epitaxy  on  semi-insulating  ( 100)  GaAs  substrates 
with  interrupted  growth.  The  hh\  exciton  absorption  line- 
width  is  2.3  meV  [Fig  1(a)]  with  a  Stokes  shift  of  1  meV 
between  the  hh\  exciton  absorption  and  emission.  Similar 
experiment  results  have  also  been  obtained  on  several 
GaAs/Al0  jGao-As  samples  differing  in  the  number  of  lay¬ 
ers  and  w  here  the  absorption  line  w  idths  varied  from  10  to 
2.5  meV  with  a  corresponding  Stokes  shift  varying  from 
<0.2  to  1.5  meV.  Samples  are  mounted  on  a  sapphire  disk 
(c-axis  normal)  with  the  substrate  removed  and  placed  in 
a  liquid  helium  immersion  cryostat. 

Measurements  are  performed  using  two  frequency  sta¬ 
bilized  cw  dye  layers.  For  DT  measurements,  one  laser 
supplies  a  pump  beam  at  a  fixed  frequency  fl,  while  the 
second  laser  supplies  a  probe  beam  at  fl2.  Both  beams  are 
linearly  and  orthogonally  polarized  to  avoid  coherent  ef¬ 
fects.  The  nonlinear  spectral  response  proportional  to 
ImyJ  is  obtained  by  measuring  the  probe  transmission  as 
a  function  of  0;  where  y1' 1  is  the  third-order  susceptibility. 
For  nondegenerate  backward  FWM.  two  nearly  degenerate 
co-polanzed  beams  E,  ( k,.!!, )  and  E|(k[,n,  -i-<5)  with 
<5 <fl  [  intersect  in  the  sample  with  a  small  angle  8  between 
the  beams  producing  a  traveling-wave  modulation  of  the 
absorption  and  dispersion  with  a  period  A  =  a/(2  sin  8/2). 
The  grating  is  probed  by  an  orthogonally  polarized  beam 
£\(k;,n;)  where  k:=—  k,  producing  a  coherent  signal, 
proportional  to  !  ^  propagating  in  the  direction  —  kj. 
Tuning  H  -  again  measures  the  spectral  response.9  Tuning  5 
provides  information  on  the  excitation  decay  dynamics 
probed  at  0;.9  This  decay  rate  depends  on  y,  T^,  and  Td 
where  y  is  the  recombtnation  rate,  T^  is  the  spectral  dif¬ 
fusion  rate  and  rd  =  4irD/\1  is  the  rate  due  to  spatial 
diffusion  where  D  is  the  diffusion  coefficient. 

Figure  1  shows  a  comparison  between  the  FWM  spec¬ 
trum  [Fig.  }(b)]  and  the  DT  spectrum  [Fig.  1  (c)J  obtained 
by  tuning  fl,  [Fig.  1(b)  is  similar  to  that  reported  ear¬ 
lier  !!].  fl,  is  given  by  the  arrow  in  the  Ml  linear  absorp¬ 
tion  feature  shown  in  Fig.  1(a).  The  sharp  resonance  at 
n;  =  n,  in  Fig.  1(b)  is  the  result  of  spectral  hole  burning 
of  the  inhomogeneously  broadened  localized  excitons.  The 
width  of  the  hole  is  twice  the  homogeneous  width  8  4  The 
comparable  DT  specirum  [Fig  He)],  obtained  at  the  same 
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FIG  2  The  -ntensiiy  dependence  of  DT  spectra  i**  a  funclMn  !>f  rump 
intensity  *nr  two  different  probe  intensities  Measurements  are  mace  for 
the  case  of  Fig  I '  c  ■  where!)  ts  set  1  i  m«\  below  t>  The  Jotted  , vif.es 
show  the  titling  based  on  a  two  component  mode!  an  incoherent  two 
photon  stepwise  excitation  dominates  at  high  probe  intensity  square* 
and  a  single  saturation  type  nonlinear  response  dominates  at  low  probe 
intensity  'circle >  characterized  by  a  smaller  saturation  intensity  than  that 
of  a  two  photon-type  nonlinear  response 


FIG.  *  A  comparison  of  the  cw  four-wave  mixing  and  differential  trans¬ 
mission  spectra,  (a)  The  hh  1  linear  absorption  spectrum  The  arrow 
shows  the  'ocanon  of  IT ,  for  (b)  and  (c).  (bj  The  four-wave  mixing 
spectrum  obtained  by  tuning  fi:  (c)  The  corresponding  differential  trans¬ 
mission  spectrum.  i,d)  The  differential  transmission  spectrum  obtained 
when  ft,  is  set  to  1.2  eV  above  the  hh\  absorption  peak 


excitation  intensity  (  —0.5  W/cnr),  shows  the  sharp  res¬ 
onance  again  corresponding  to  the  spectral  hole  seen  in 
Fig.  1(b).  As  expected  from  phase  space  tilling  effects,  a 
decrease  in  absorption  is  observed  in  the  spectral  hole  (a 
positive  signal  corresponds  to  a  decrease  in  absorption). 
However,  away  from  the  spectral  hole,  the  DT  measure¬ 
ment  shows  an  unexpected  increase  in  absorption.  It  is  easy 
to  see  that  the  DT  response  (  w  Imy  '  '  away  from  the 
spectral  hole  is  much  larger  than  expected  based  on  FWM 
(  3  V  2 )  Figure  1(d)  shows  the  DT  spectrum  obtained 
when  the  pump  frequency  H,  is  tuned  to  1.2  meV  above 
the  hh  1  absorption  line  center  where  no  spectral  hole  is 
expected  or  observed.'2  This  spectrum  [Fig.  1(d)]  demon¬ 
strates  that  the  increase  in  absorption  around  hh  1  is  nor 
related  to  the  spectral  hole.  A  similar  DT  spectrum  is  ob¬ 
served  when  fl,  is  tuned  above  the  band  edge  where  free 
earners  are  directly  excited.  In  contrast  no  signal  is  ob¬ 
tained  when  n,  is  tuned  well  below  the  hh\  resonance 
Measurements  of  the  intensity  dependence  of  :he 
FV>  M  signal  show  that  the  spectral  hole  amplitude  de¬ 
pends  linearly  on  each  of  the  intensities  of  the  three  input 
beams,  indicating  that  there  is  minimal  contnbution  from 
higher  order  terms  Ln  the  susceptibility.  In  the  usual  ap¬ 
proach  of  estimating  the  exciton  density  based  on  a  radia¬ 
tive  lirenme  of  order  1  ns  and  the  input  intensity,  the  ex¬ 
dton  density  is  of  order  1 07—  1 08  excitons/cmVIayer. 
Howe'er,  even  at  this  low  excitation  level,  the  DT  signal  in 
F,g  Kd)  is  not  linear  m  the  pump  intensity.  !r.  fact,  th- 
responvc  a  so  depends  on  the  probe  intensity.  Figure  2 
shows  the  unusual  intensity  dependence  of  the  DT  re¬ 
sponse  as  a  unction  of  pUmp  intensity  for  two  different 

probe  intensities.  Measurements  are  made  for  the  case  of 

Fig  '.(C  1.1  meV  below  0,. 

yve  u  er  characterize  the  nonlinear  response  by 


measuring  the  relaxation  time  in  the  region  showing  in¬ 
creased  absorption.  Independent  measurements  using  am¬ 
plitude  modulation  DT  spectroscopy 15  and  FWM  by  tun¬ 
ing  6  show  a  decay  time  of  order  1-10  ps  in  contrast  to  the 
0.5-1  ns  excitonic  recombination  rate  obtained  in  this  sam¬ 
ple  by  time-resolved  luminescence  and  FWM  at  the  hole 
burning  resonance.  While  the  slow  time  scale  suggests  that 
the  nonlinear  response  could  arise  due  to  photorefractive 
or  thermal  effects,  the  first  possibility  is  eliminated  since  we 
have  determined  that  there  is  no  energy  transfer  between 
beams  as  would  be  expected  in  the  presence  of  two  beam 
coupling  Thermal  effects  are  also  eliminated  for  two  rea¬ 
sons:  ( 1 )  The  DT  signal  strength  does  not  decrease  when 
the  sample  is  immersed  in  liquid  helium  as  would  be  ex¬ 
pected  since  in  liquid  helium,  the  induced  temperature  gra¬ 
dient  is  dramatically  reduced;  (2)  more  importantly,  the 
absence  of  any  dependence  of  ihe  grating  decay  on  the 
grating  spacing  sets  the  upper  limit  of  the  diffusion  coeffi¬ 
cient  at  3  x  10~4  cm;/s.  If  the  nonlinear  response  were  due 
to  thermal  effects,  then  this  measurement  would  corre¬ 
spond  to  a  thermal  conductivity  at  least  4  orders  oi  mag¬ 
nitude  below  that  of  OuAs.  Hence,  we  conclude  the  exci¬ 
tation  is  electronic  in  nature  and  note  that  the  long  lifetime 
results  in  an  estimated  excitation  density  four  orders  of 
magnitude  higher  than  that  expected  based  on  a  0.5-1  0  ns 
exciton  lifetime. 

In  discussing  these  results  we  first  note  that  many-body 
effects  such  as  exciton-exciton  interactions,  band-gap 
renormalization,  and  screening  can  produce  a  shift  or  a 
broadening  of  the  resonance.  leading  to  regions  of  in¬ 
creased  absorption.  However,  these  features  resemble  the 
first  or  second  derivative  of  the  resonance,  clearly  not  in 
agreement  with  the  measurement.  Hence,  while  the  current 
theory  has  been  highly  successful  in  interpreting  expen- 
mental  results  obtained  on  short  time  scales  at  high  exci¬ 
tation  density,110  the  results  show  that  the  theory  does  not 
describe  the  leading  terms  in  the  low  intensity  cw  nonlinear 
response  measured  by  differential  transmission.  W’e  would 
like  to  stress  that  identical  behavior  has  been  observed  in 
the  three  different  samples  we  investigated.  Earlier  exper¬ 
imental  evidence  for  this  effect  was  reported  in  transient 
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DT  measurements  using  picosecond  lasers/  At  zero  time 
delay,  the  low-temperature  excitonic  response  showed  a 
decrease  in  absorption  due  to  bleaching,  yet  on  longer  time 
scales  ( —  100  ps),  the  DT  signal  changed  sign,  showing  an 
increase  in  absorption. 

The  nonlinear  response  outside  the  spectral  hole  can  be 
qualitatively  explained  by  a  phenomenological  model  in¬ 
volving  an  incoherent  two  photon  stepwise  excitation  along 
with  an  ordinary  saturating  type  nonlinear  response  (not 
associated  with  the  spectral  hole).  In  a  rate  equation  de¬ 
scription  for  this  system  [i.e.,  a  simple  two  level  system 
(2LS)  and  an  independent  three  level  system  < 3LS )],  a 
probe  dependent  DT  response  similar  to  the  data  is  ob¬ 
tained  as  shown  by  the  dotted  lines  in  Fig.  2.  In  this  model, 
the  transition  rates  for  both  transitions  in  the  3LS  are  com¬ 
parable.  When  the  pump  beam  is  resonant  with  the  tran¬ 
sition  from  level  1  to  level  2  and  the  probe  beam  is  resonant 
with  the  transition  from  level  2  to  level  3,  the  DT  signal 
due  to  the  3LS  would  show  an  increase  in  absorption  if  the 
beam  intensities  are  reasonably  low.  However,  if  the  2LS 
saturation  intensity  is  smaller  than  saturation  intensities 
for  the  3LS,  at  very  low  intensities,  the  DT  signal  is  dom¬ 
inated  by  the  2LS.  Hence,  decreased  absorption  is  observed 
as  shown  in  Fig.  2.  As  the  probe  intensity  increases,  the 
relative  importance  of  the  3LS  will  increase  due  to  the 
small  saturation  intensity  for  the  2LS,  resulting  in  in¬ 
creased  absorption  in  the  DT  response.  Finally,  when  the 
pump  beam  intensity  is  very  high  such  that  both  transi¬ 
tions  in  the  3LS  are  saturated,  the  stepwise  two-photon 
transition  will  be  overwhelmed  by  the  saturation  effect  and 
an  overall  decrease  in  absorption  will  be  observed  as  shown 
in  Fig.  2. 

The  relaxation  measurements  also  provide  some  addi¬ 
tional  insight  into  the  microscopic  origin  of  the  observed 
nonlinear  response  in  the  QW.  In  particular,  even  though 
the  nonlinear  response  is  clearly  associated  with  the  hh  1 
exciton,  the  long  lifetime  of  the  excitation  is  not  consistent 
with  the  presence  of  ordinary  excitons,  nor  is  the  negligibly 
small  diffusion  coefficient.  To  explain  these  effects,  we  pro¬ 
pose  that  in  the  presence  of  disorder,  optical  excitation 
produces  electron-hole  pairs  which  are  localized  in  sepa¬ 
rate  but  closely  correlated  positions.  If  we  assume  that  the 
electron  and  hole  wave  functions  are  localized  on  a  scale 
length  of  order  100  A  and  then  also  assume  the  lifetime  is 
simply  related  to  the  wave  function  overlap,  we  can  esti¬ 
mate  that  the  separation  distance  is  of  order  200  A.  Fur¬ 
thermore,  using  the  excitation  intensity  at  the  minimum 
value  of  the  lower  DT  curve  (saturation  point  of  the  DT 
spectrum),  we  can  estimate  the  resulting  e-h  density  to  be 
of  order  6x  10M  e-/i/cm2/layer  (using  0.5  W/cm2,  taking 
50%  of  the  energy  distributed  over  the  first  10  layers,  and 
an  effective  excitation  lifetime  of  5  /zs.  This  would  corre¬ 
spond  to  an  average  distance  between  e-h  pairs  on  the  or¬ 
der  of  140  A,  the  same  order  of  magnitude  as  the  e-h 
separation  estimated  based  on  the  e-h  pair  lifetime.  This 
number  could  be  interpreted  as  the  average  distance  be¬ 
tween  localization  sites.  While  it  is  difficult  to  relate  this  to 
interface  morphology,  it  is  comparable  to  that  reported  by 
chemical  mapping.4  The  stepwise  two  photon  transition 
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discussed  in  the  above  3LS  model  may  correspond  to  ex¬ 
citations  of  two  closely  correlated  e-h  pairs.  The  unex¬ 
pected  low  saturation  intensities  for  the  3LS  and  2LS  are 
due  to  the  long  lifetime  of  these  systems  and  the  finite 
number  of  localization  sites  (recall  that  the  saturation  in¬ 
tensity  is  zzfuoNT/a0T  where  a0  is  the  absorption  coeffi¬ 
cient  and  N r  is  the  density  of  the  localization  sites). 

Our  model  also  provides  an  explanation  for  the  dis¬ 
crepancy  between  the  FWM  and  the  DT  spectra.  As  is  well 
known,  the  FWM  signal  strength  is  proportional  to  the 
contrast  ratio  of  the  excitation  grating  produced  by  Ef-EJ. 
The  contrast  ratio  is  reduced  if  the  input  beams  saturate 
the  system.  At  the  beam  intensities  used  in  the  measure¬ 
ment  (/,,/; -0.5  W/cm2,  /:  —  0. 1  W/cm2),  the  density  of 
excitation  (associated  with  spectral  hole)  is  well  below  the 
saturation  level,  however  the  excitation  in  the  increased 
absorption  region  is  partially  saturated,  causing  a  grating 
flattening  and  resulting  in  a  reduced  FWM  response. 

In  summary,  we  have  shown  that  the  low  intensity 
nonlinear  optical  response  in  GaAs  multiple  QW  is  greatly 
affected  by  the  presence  of  disorder.  The  measurements 
show  that  the  existing  theoretical  work  is  inadequate  to 
explain  the  low  intensity  nonlinear  response  in  these  sys¬ 
tems.  Finally,  the  long  life  time  may  need  to  be  taken  into 
account  in  potential  device  applications. 
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High-impedance  pump  noise  suppression  was  used  to  generate  amplitude  squeezing  in  an  index-guided  quantum- 
well  laser.  Light  exhibiting  photon-number  noise  1.4  dB  below  the  shot-noise  limit  was  observed,  and  the 
corresponding  polarization  properties  were  examined.  Close-coupled  laser-detector  measurements  made  with 
an  unsaturated  detector  revealed  2.9  dB  of  squeezing. 


Amplitude-squeezed  light,  which  is  characterized 
by  photon-number  noise  below  the  shot-noise  limit 
(SNL),  is  of  fundamental  interest  in  optical  physics 
and  is  potentially  useful  for  precision  measurements' 
and  optical  communication.2  Although  it  has  been 
known  that  the  photon-number  fluctuations  of  an 
ideal  laser  operating  far  above  threshold  stem  from 
pump  noise  and  vacuum  field  fluctuations,3  it  has 
been  appreciated  only  recently  that  the  laser  does 
not  necessarily  feature  the  full  shot  noise.4-6  By 
eliminating  pump  noise,  the  output  of  the  laser  can, 
in  principle,  have  an  arbitrary  amount  of  amplitude 
squeezing  within  the  cavity  bandwidth.45  Several 
methods  for  suppressing  pump  noise,  and  thus 
attaining  this  type  of  amplitude  squeezing,  have  been 
proposed.4'6  Of  these,  constant-current  operation  of 
a  semiconductor  diode  laser  is  of  particular  interest 
because  electrical  current  pump  noise  can  be  easily 
suppressed  to  >15  dB  below  the  SNL7  and  because 
the  high  quantum  efficiency  of  the  diode  laser  allows 
the  sub-Poissonian  electron  pump  statistics  to  be 
transferred  to  photon  statistics.5  To  date,  the  largest 
level  of  amplitude  squeezing  has  been  achieved 
in  transverse  junction  stripe  semiconductor  lasers. 
Measurements  that  close  coupled  a  transverse 
junction  stripe  laser  to  a  detector  demonstrated 
a  photocurrent  fluctuation  8.3  dB  below  the  SNL.4 
With  balanced  detection,  photocurrent  fluctuations 
1.3  dB  below  the  SNL  were  obtained.* 

We  report  measurements  of  photon-number  fluctu¬ 
ations  in  an  index-guided  quantum-well  laser.  The 
laser  (Spectra  Diode  Laboratories  SDL-5410-C)  dif¬ 
fers  considerably  from  the  transverse  junction  design 
used  nearly  exclusively  in  earlier  research.7-9  In 
a  collimated  geometry,  it  exhibited  photon-number 
fluctuations  1.4  dB  below  the  SNL  when  driven  by 
a  constant  current,  The  balanced  detection  scheme 
used  in  these  measurements  also  allowed  the  polar¬ 
ization  fluctuations  of  the  laser  to  be  investigated, 
whereas  close  coupling  the  laser  to  a  detector  im¬ 
proved  the  amplitude  squeezing  to  2.9  dB. 

For  the  first  set  of  experiments,  the  laser  and  a 
collimating  lens  are  placed  inside  a  cryostat,  along 
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with  a  drive  circuit  consisting  of  a  senes  resistor 
i R  =  680  D)  and  a  bypass  capacitor  <C  =  0.1  /xF). 
The  noise  properties  of  the  output  are  measured  by 
balanced  detection  with  a  delay  line.9  Equal  divi¬ 
sion  of  the  laser  power  is  obtained  with  a  half-wave 
plate  and  a  polarization  beam  splitter  (PBS).  The 
resulting  two  beams  are  then  focused  onto  Hama¬ 
matsu  (Model  S1722-01)  p-i-n  photodiodes  (quantum 
efficiency  85%).  The  ac  photocurrents  are  amplified, 
one  is  delayed,  and  then  their  difference  is  obtained 
with  a  180'  hybrid  junction.  This  setup  yields  a  com¬ 
mon  mode  suppression  >25  dB  from  10  to  200  MHz. 
The  delay  line  allows  the  sum  (/t  +  I2)  current,  which 
reflects  the  laser  noise  level,  and  difference  (/t  - 
1 2)  current,  which  gives  the  shot-noise  level,  to  be 
simultaneously  monitored  on  a  spectrum  analyzer.9 10 
The  signed  alternates  between  the  two  as  a  function 
of  frequency  owing  to  the  frequency -dependent  phase 
shift  introduced  by  the  delay  line. 

A  typical  run  exhibiting  1.4  dB  of  squeezing  is 
shown  in  Fig.  1  (trace  c)  for  a  bias  level  ///.h  = 
19.  The  observed  (/ ,  -  /2)  noise  level  agrees  well 
with  the  shot-noise  level  established  independently 
with  a  red-filtered  white-light  source  (trace  b) 
and  with  a  light-emitting  diode.  These  data  were 
taken  with  the  laser  at  15  K,  where  the  emission 
wavelength  was  810  nm,  the  threshold  current  was 
0.9  mA,  and  the  differential  quantum  efficiency 
was  78%.  The  differential  laser  current-to-detector 
current  transfer  ratio  was  0.51  above  threshold, 
and  thus  the  overall  detection  efficiency  was  65%. 
Correcting  for  this  detection  efficiency,  the  1.4  dB 
of  observed  squeezing  corresponds  to  2.4  dB  of 
squeezing  at  the  laser  output  facet. 

A  significant  increase  in  the  difference  current 
noise  level  appeared  when  a  polarizer  (extinction 
ratio  >  104 : 1)  located  between  the  laser  and  the  detec¬ 
tion  setup  was  removed  (trace  a  of  Fig.  1).  Previous 
amplitude-squeezing  experiments  with  similar  bal¬ 
anced  detection  schemes  were  not  sensitive  to  this 
type  of  noise  because  an  optical  isolator  was  used.'9 
The  extra  noise  results  from  the  use  of  a  PBS  and 
initially  appears  surprising  because  the  polarization 
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Frequency  (MHz) 

Fig.  1.  Balanced  mixer  amplitude-fluctuation  spectra  for 
the  laser  (traces  a  and  c)  and  for  a  red-filtered  white-light 
source  (trace  b).  All  three  were  taken  with  a  total  dc 
photodetector  current  of  8.00  mA.  The  amplifier  thermal 
noise  (trace  d)  was  subtracted  in  traces  a,  b,  and  c  and  is 
given  for  reference. 


extinction  ratio  of  the  laser  was  >400.  However,  the 
PBS  mixes  the  initially  orthogonally  polarized  fields 
generated  by  the  laser,  leading  to  the  increased  noise. 

The  mixing  can  be  described  quantum  mechani¬ 
cally  by  a  unitary  transformation  relating  the  input 
and  output  photon  annihilation  operators11: 


cos(0) 

-  sin(0) 


sin(0)  1  di  1 
cos(fl)  j|_  d,|  J  ’ 


aL  and  dn  are  operators  for  the  orthogonal  polariza¬ 
tion  components  of  the  lasing  mode,  b  i  and  6>u  are, 
respectively,  operators  for  the  orthogonally  polarized 
transmitted  and  reflected  modes  of  the  PBS,  and  6  is 
the  angle  between  the  polarization  directions  of  dx 
and  bL.  Assigning  dj.  to  the  primary  polarization 
direction  of  the  laser  leaves  little  power  for  the  dn 
mode.  However,  this  mode  leads  to  the  observed 
extra  noise  in  trace  a,  as  can  be  seen  by  calculating 
the  variance  of  (/,  +  /2)  and  (/,  -  /2)  for  the  case  of 
balanced  (0  =  45")  detection: 


[A(M_  +  AT,,)]2  =  (AAfJ2  +  (AN,,)2,  (1) 

[MM,  -  Mi,)]2  =  (Nl)  +  (N„)  +  2 (&.)(&,) 

-  2Kdltds)|2  +  2  Re[(Aditd,|)2]  ,  (2) 

where  N  =  drdandAf  =  6*6.  Equation  (1)  describes 
the  data  in  Fig.  1  (trace  a)  at  frequencies  leading  to 
(/,  +  /2).  It  indicates  that  the  measured  amplitude 
noise  in  this  case  corresponds  to  the  simple  sum  of  the 
noise  power  contributions  of  the  independent  input 
modes.  The  agreement  between  traces  a  and  c  at 
these  sum  frequencies  (recalling  that  a  polarizer  was 
used  to  eliminate  the  contribution  of  the  nonlasing 
polarization  in  trace  c)  indicates  that  the  nonlasing 
mode  did  not  make  a  detectable  contribution  to  the 
sum-frequency  amplitude  noise  found  in  trace  a,  as 
expected  based  on  its  low  power  level. 

At  frequencies  where  (/,  -  /2)  is  displayed,  the  sit¬ 
uation  is  more  complex.  Each  of  the  first  two  terms 


in  Eq.  (2)  represents  the  average  photon  number  of 
one  of  the  two  laser  polarizations,  and  their  sum 
gives  the  SNL.  However,  the  remaining  terms  are 
not  negligible.  The  third  term  is  a  cross  term  given 
by  twice  the  product  of  each  input  mode's  average 
photon  number,  and  the  last  two  terms  depend  on 
the  coherence  properties  of  the  two  modes. 

If  both  laser  modes  (a^  and  dn)  are  in  coherent 
states  of  the  electric  field,  or  if  either  mode  has  zero 
photons,  the  last  three  terms  cancel,  giving  the  shot- 
noise  level.  This  is  clearly  not  the  case  for  the  exper¬ 
iment  described,  because  trace  a  displays  8  dB  of  ex¬ 
tra  noise  at  the  subtracted  frequencies,  and  the  sum 
frequencies  indicate  a  sub-Poissonian  primary  mode. 
Similar  difference-frequency  noise  behavior  has  been 
observed  in  split  photodetector  balanced  detection,12 
where  it  was  attributed  to  stochastic  position  noise 
due  to  regeneratively  amplified  spontaneous  emis¬ 
sion  into  nonlasing  modes.  Regeneratively  amplified 
spontaneous  emission  into  the  nonlasing  polarization 
probably  leads  to  the  8  dB  of  extra  noise  observed 
here  also.  The  statistical  properties  of  this  mode 
become  easily  observable  in  this  setup  because  of 
their  interference  with  the  lasing  mode. 

Given  the  differential  quantum  efficiency  of  our 
laser,  at  least  6.6  dB  of  squeezing  at  the  laser  output 
facet  is  theoretically  expected  far  above  threshold.5  ®-13 
The  discrepancy  between  this  value  and  the  largest 
observed  squeezing  (2.4  dB  at  the  output  facet)  is 
probably  due  to  a  combination  of  multimode  operation 
and  weak  optical  feedback  into  the  laser.  Measure¬ 
ments  of  the  laser  output  spectrum  indicate  a  strong 
correlation  between  power  in  modes  other  than  the 
primary  lasing  mode  and  increased  photon-number 
noise,  eventually  leading  to  a  loss  of  squeezing  at  high 
pump  levels  {//Ah  >  35) .  Optical  feedback  may  also 
play  a  role,  although  replacing  the  polarizer  with  an 
optical  isolator  (isolation  dB)  did  not  increase  the 
observed  squeezing. 

A  second  set  of  experiments  was  performed,  which 
consisted  of  close  coupling  the  laser  to  a  single  de¬ 
tector.  Because  this  configuration  relies  on  direct 
detection,  the  shot-noise  level  must  be  calibrated  in¬ 
dependently.  This  raises  a  concern  because  differing 
conditions  between  calibration  and  laser  noise  mea¬ 
surement,  such  as  spot  size,  could  alter  detector  sat¬ 
uration,  making  interpretation  of  the  experimental 
results  difficult.  For  example,  increased  saturation 
due  to  a  laser  spot  size  much  smaller  than  that  of 
the  calibration  source  would  lead  to  a  lower  displayed 
noise  power  and  thus  could  be  mistaken  for  amplitude 
squeezing. 

Several  steps  were  taken  to  avoid  errors  due 
to  detector  saturation.  The  detector  (Hamamatsu 
Model  S1722-01)  was  chosen  for  its  large  area 
( 13.2  mm2)  and  excellent  saturation  characteristics.14 
These  saturation  characteristics  were  determined 
experimentally  under  conditions  similar  to  those  for 
the  close-coupled  laser.  One  such  experiment  used  a 
red-filtered  white-light  source,  focused  to  a  1.0-mm2 
spot,  to  generate  the  shot-noise  level  at  several  dc 
detector  current  levels  (dc  detector  current  was  linear 
with  input  power  to  within  0.2%  up  to  30  mA).  The 
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Fig.  2.  (ai  Red-filtered  white-light  source  was  used  to 
study  the  frequency-dependent  saturation  characteristic 
of  the  detector.  The  frequencies  shown  are  10  MHz  'trace 
a),  50  MHz  (trace  b),  100  MHz  (trace  c),  and  150  MHz 
(trace  d).  The  dotted  line  represents  the  response  of 
an  ideal  detector,  (b)  Demonstration  of  the  amplitude 
squeezing  obtained  on  close  coupling  the  diode  laser  and 
detector.  Trace  a  shows  the  laser  noise  spectra,  trace  b 
shows  the  shot-noise  level  corresponding  to  trace  a,  and 
trace  c  shows  the  amplifier  thermal  noise  level,  which  was 
subtracted  from  traces  a  and  b. 


results  are  shown  in  Fig.  2(a).  The  data  indicate 
that  detector  saturation  is  minimal  at  low  frequencies 
( <50  MHz)  out  to  beyond  8.00  mA. 

To  ensure  that  differences  between  calibration 
source  and  laser-beam  spot  size  did  not  affect  the 
level  of  this  saturation,  several  laser-to-detector 
distances  (and  corresponding  spot  sizes)  were  used 
in  the  experiments  described  below.  The  measured 
laser  noise  level  remained  constant  ±6%  over  a 
factor  of  5  change  in  spot  size  and  was  not  directly 
correlated  with  spot  size.  This  result,  coupled  with 
the  fact  that  the  largest  laser  spot  size  (0.9  mm2)  was 
comparable  with  the  calibration  spot  size  (1.0  mm2), 
shows  that  intensity-dependent  detector  saturation 
had  little  effect  on  the  results  of  these  experiments.14 
The  insensitivity  of  this  detector  to  spot  size  also 
extended  to  larger  areas  (data  taken  with  red  light 
and  light-emitting  diode  spot  sizes  of  up  to  10  mm2 
were  nearly  identical  to  the  1.0-mm2  data). 

To  minimize  possible  errors,  the  detector  and  its 
associated  amplifiers  were  kept  at  room  tempera¬ 
ture  while  the  laser  was  cooled  to  1C  K.  Here  the 
threshold  current  was  0.78  mA,  and  the  differen¬ 
tial  laser  current-to-detector  current  transfer  ratio 
above  threshold  was  0.67.  The  results  of  one  exper¬ 
iment  for  a  bias  level  of  ///,h  =  16  (detector  current 
8.00  mA)  are  shown  in  Fig.  2(b).  The  amount  of 
squeezing  obtained  low  frequencies  (  where  the  effects 
of  saturation  are  smallest)  fell  between  2.4  and  2.9  dB 
as  the  distance  between  the  laser  and  detector  was 
varied  from  1.5  mm  (0.17-mm2  spot  size)  to  3.5  mm 
(0.92-mm2  spot  size)  and  did  not  increase  at  higher 
bias  levels.  Owing  to  a  lack  of  direct  correlation 
with  distance,  this  slight  variation  in  squeezing  is 
believed  to  be  due  to  weak  optical  feedback,  which 
depended  on  the  exact  orientation  of  the  laser  and 
detector.  When  corrected  for  a  detection  efficiency 
of  85%,  2.9  dB  of  squeezing  corresponds  to  3.7  dB  at 


la : 

the  output  facet  of  the  laser,  which  is  still  less  than 
the  theoretically  expected  value  of  6.6  dB 
Other  lasers  of  the  same  type  gave  similar  levels 
of  squeezing,  although  the  temperature  at  which 
maximum  squeezing  was  observed  varied  from  la^er 
to  laser.  Simultaneous  monitoring  of  the  laser  mode 
ibv  collecting  light  from  the  back  facet  and  analyzing 
it  with  a  monochromator i  and  amplitude  fluctuations 
revealed  that  longitudinal-mode  characteristics  were 
responsible  for  this  temperature  dependence.  The 
best  squeezing  was  obtained  with  a  dominant  pri¬ 
mary  mode,  indicating  that  cross-gain  saturation  did 
not  result  in  complete  negative  correlation  between 
the  modes.15  As  the  side-mode  power  'relative  to 
the  main  mode)  and  the  number  of  side  modes  in¬ 
creased,  so  did  the  amplitude  noise.  Unfortunately, 
at  high  pump  levels  (typically  ///,h  >  25)  this  always 
occurred,  which  is  probably  why  the  full  theoretical 
level  of  squeezing  could  not  be  attained  and  raises 
the  possibility  that  mode  stabilization  may  enhance 
the  observed  squeezing. 
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Force  Office  of  Scientific  Research  and  is  based  on 
research  supported  under  a  National  Science  Foun¬ 
dation  Graduate  Fellowship. 
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A  new  class  of  measurements  on  GaAs  quantum  well  structures  based  on  frequency  domain  nonlinear  laser  spectroscopy  is 
described.  Room  temperature  measurements  of  the  excitation  relaxation  show  an  interference  effect  ui  the  lineshape  which  is 
interpreted  as  a  shift  in  exciton  frequency.  Low  temperature  measurements  on  the  localized  exciton  provide  an  excitation  Lineshape 
which  eliminates  the  effects  of  inhomogeneous  broadening  and  shows  the  presence  of  spectral  diffusion. 


The  room  temperature  nonlinear  optical  re¬ 
sponse  near  the  band  edge  in  GaAs  quantum  wells 
has  resulted  in  considerable  interest  in  these 
materials  because  of  their  potential  importance  to 
optoelectronic  devices  [1],  Studies  of  these  materi¬ 
als  have  also  resulted  in  new  understanding  of  the 
fundamental  physics  of  excitons  [2-4].  In  this 
paper,  we  describe  a  new  class  of  measurements 
based  on  high  resolution  frequency  domain  non¬ 
linear  laser  spectroscopy  which  are  distinguished 
from  earlier  measurements  because  of  the  ability 
to  report  on  excitation  lineshapes  as  well  as  the 
ability  to  provide  greater  sensitivity  in  measure¬ 
ments  of  excitation  relaxation.  The  measurements 
of  the  excitation  Lineshape  are  significant  because 
this  spectroscopy  eliminates  the  contribution  of 
inhomogeneous  broadening  which  characterizes 
low  temperature  absorption  measurements. 

The  basic  experimental  configuration  for  these 
experiments  is  based  on  backward  four  wave  mix¬ 
ing  (FWM)  [5].  In  these  experiments,  two  optical 
beams  intersect  each  other  at  a  small  angle.  One 
beam  is  designated  the  probe  beam  with  field 
amplitude  £p(up,  kp)  while  the  remaining  beam  is 
the  forward  pump  beam  with  field  amplitude 
£f(uf,  k,).  The  beams  are  nearly  normal  to  the 
growth  direction  of  the  quantum  well  and  produce 


an  interference  pattern  which  results  in  a  spatial 
and  temporal  modulation  of  excitation  propor¬ 
tional  to  £ f(u(,  k()'  E*(up,  kp).  A  coherent  sig¬ 
nal,  £s(ws,  *,).  is  produced  by  the  scattering  of  a 
back  beam  with  field  amplitude  £b(ub,  kb). 
Spectroscopic  information  is  obtained  by  varying 
any  one  frequency  with  respect  to  the  remaining 
two  frequencies.  In  particular,  the  FWMp  re¬ 
sponse  is  obtained  by  varying  wp  holding  u,  =  wb 
while  the  FWMb  response  is  obtained  by  varying 
wb,  holding  wp  -  wf  =  constant.  The  FWMp  \> 
sponse  provides  a  lineshape  related  to  the  excita¬ 
tion  decay  rate  and  contains  contributions  such  as 
inelastic  scattering  and  carrier  or  excitomc  recom¬ 
bination  in  addition  to  the  contribution  of  non¬ 
radiating  states.  The  FWMb  response  provides  a 
measure  of  the  excitation  lineshape  without  con¬ 
tributions  from  inhomogeneous  broadening  [5.6). 

At  room  temperature,  the  exciton  absorption 
lineshape  is  dominated  by  homogeneous  broad¬ 
ening  due  to  the  rapid  LO  phonon  ionization  rate. 
Hence,  a  study  of  the  FWMb  response  provides 
little  additional  information.  However,  the  nonlin¬ 
ear  response  arises  because  the  electron-hole 
plasma  generated  from  the  ionization  of  the  exci¬ 
ton  results  in  band  filling  and  exchange  effects 
which  lead  to  a  modification  of  the  optical  proper- 
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Fig.  1.  (a)  Room  temperature  FWMp  lineshape.  (b)  Angle 
dependence  of  the  FWMp  line  width. 


ties  of  the  exciton  including  the  oscillator  strength, 
dephasing  rate,  and  resonance  frequency.  Hence,  a 
grating  produced  by  the  interference  of  the  for¬ 
ward  pump  and  probe  has  a  decay  rate  de¬ 
termined  by  the  e-h  recombination  time  and  the 
time  it  takes  carriers  to  spatially  diffuse  across  the 
grating.  Fig.  la  shows  the  FWMp  response  at 
room  temperature  along  with  a  fit  of  a  Lorentzian. 
The  line  width  is  given  by  ye^h  +  D  |  Ak  j 1  where 
Ye_h  is  the  e-h  recombination  rate,  D  is  the 
ambipolar  diffusion  coefficient,  and  |Afc|  —  \k, 
-  Ap  |.  Fig.  lb  shows  the  angle  dependence  of  the 
FWMp  line  width  as  a  function  of  angle  and  the 
solid  line  is  a  fit  of  the  above  line  width  expres¬ 
sion.  From  the  shape  of  the  curve,  we  can  obtain 
the  ambipolar  diffusion  coefficient  (18  cm2/s)  and 
from  the  y-intercept,  we  can  obtain  the  e-h  re¬ 
combination  rate  (5  ns) 


Using  the  method  of  correlated  optical  fields 
[7]  to  eliminate  interlaser  jitter  contributions  to 
the  lineshape,  we  examined  the  FWMp  response 
near  wp  -  uf  =  0.  Fig.  2  shows  the  lineshape  There 
are  two  important  observations  which  can  be 
drawn  from  fig.  2a.  First,  there  exists  a  strong 
(dominant)  contribution  to  the  room  temperature 
nonlinear  response  which  is  slow  (10  /is).  Sec¬ 
ondly,  the  lineshape  is  characterized  by  a  shape 
which  is  typical  of  interference  effects  ~  .  We  be¬ 
lieve  this  lineshape  is  due  to  a  shift  in  the  exciton 
resonance.  Solutions  to  the  optical  Bloch-type 
equations  which  have  been  phenomenologically 
modified  to  account  for  band  filling  and  exchange 
effects  show  that  this  interference  profile  results 
when  the  Bloch  equations  are  further  modified  to 
account  for  a  shift  in  the  exciton  resonance  (9). 
The  curve  in  fig.  2b  is  the  calculated  FWMp 
response,  showing  the  interference  lineshape.  It  is 
important  to  stress  that  the  solutions  of  the  mod¬ 
ified  Bloch  equations  only  show  interference  ef¬ 
fects  when  the  exciton  resonance  is  allowed  to 
shift  due  to  the  presence  of  the  e-h  plasma  or 
some  other  laser  induced  mechanism.  We  also 
note  that  the  shape  of  the  FWMp  response  is 
dependent  on  the  wavelength  of  the  back  pump. 
Fig.  2c  shows  the  FWMp  lineshape  measured  when 
the  back  pump  is  tuned  red  of  the  peak  of  the 
heavy  hold  exciton.  (The  forward  pump  and  probe 
beams  remained  tuned  on  the  peak  of  the  heavy 
hold  exciton.)  Fig.  2d  shows  the  lineshape  calcu¬ 
lated  from  the  modified  Bloch  equations  when  the 
back  pump  is  shifted  red  of  the  exciton  resonance. 

At  low  temperatures,  the  excitons  are  stable 
against  phonon  ionization.  Hence,  studies  of  re¬ 
laxation  provide  information  on  the  exciton  dy¬ 
namics.  In  addition,  because  the  exciton  is  now 
stablt,  data  obtained  from  the  FWMb  response 
provide  information  on  the  excitation  lineshape. 
At  5  K,  the  absorption  lineshape  is  inhomoge- 
neously  broadened  due  to  fluctuations  in  the  well 
thickness.  The  HH1  absorption  line  width  in  this 
sample  is  3.7  meV.  The  sample  was  further  char¬ 
acterized  by  performing  luminescence  measure- 

Interference  effects  ere  common  in  nonlineer  User  spec¬ 
troscopy  es  discussed  in  ref.  [8J.  However,  the  origin  of  the 

interference  effects  in  this  paper  is  new  and  distinct 
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FORWARD  PUMP-PROBE  DETUNING 


FORWARD  PUMP-PROBE  DETUNING 

Fig.  2.  The  FWMp  line  shape  using  the  technique  of  correlated  fields,  (a)  Interference  profile  when  the  back  beam  wavelength  is  on 
the  exciton  peak,  (c)  The  lineshape  when  the  back  beam  is  tuned  red  of  the  exciton  peak,  (b,  d)  Calculated  lineshape*  using  modified 

Bloch  equations. 


merits  as  well  as  obtaining  a  degenerate  four  wave 
mixing  (DFWM)  spectrum.  (A  DFWM  spectrum 
is  obtained  by  using  one  laser  for  all  beams  in  the 
nonlinear  interaction  and  observing  the  change  in 
intensity  of  the  signal  as  the  frequency  of  the  laser 
is  tuned  across  the  exciton  resonance.)  The  peak 
of  the  luminescence  from  the  excitons  is  shifted 
2.8  meV  to  the  red  of  the  HH1  absorption  maxi¬ 
mum.  The  red  shifted  luminescence  is  interpreted 
as  being  due  to  the  recombination  of  excitons 
which  have  become  localized  due  to  fluctuations 
in  well  thickness.  The  DFWM  measurements  show 
a  peak  which  coincides  exactly  with  the  lumines¬ 
cence  peak,  suggesting  the  nonlinear  response  is  F>fr  3  Tb'  FWMp  lineshape  ai  5  K  showing  (he  presence  of 
also  due  to  localized  excitons.  mult,pl*  reU“tKm  ™ctum‘n“- 
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In  the  first  set  of  measurements,  we  examined 
the  FWMp  response  to  determine  the  excitation 
relaxation  dynamics.  In  the  simple  picture  of  the 
exciton  undergoing  a  single  relaxation  due  to 
radiative  decay,  the  iineshape  would  be  a  single 
Loren tzi an.  Fig.  3  shows  the  FWMp  line  width 
obtained  at  5  K.  The  curve  shows  clear  evidence 
of  multiple  decay  processes  rather  than  a  single 
decay.  In  particular,  three  decay  channels  are  ob¬ 
served  in  fig.  3.  The  fastest  and  slowest  channels 
having  relaxation  times  of  100  ps  and  13  ns  are 
clearly  observed  in  this  figure.  However  a  third 
component  to  the  Iineshape  corresponding  to  a 
relaxation  time  of  1.5  ns  is  observable  upon  ex¬ 
pansion  of  the  center  portion  of  the  figure.  The  1.5 
ns  feature  corresponds  to  the  expected  radiative 
decay  time  for  a  well  of  thickness  of  98  A  [10]. 
The  origin  of  the  100  ps  feature  is  most  likely  due 
to  decay  of  the  excitation  by  spectral  diffusion  via 
phonon  assisted  tunneling  Similar  behavior  has 
been  reported  in  transient  pump-probe  measure¬ 
ments  [4],  Further  evidence  for  this  is  given  below. 
The  origin  of  the  15  ns  decay  rate  is  due  possibly 
to  the  presence  of  electric  fields  in  the  material 
which  are  known  to  extend  the  life  time  of  the 
exciton. 

FWMb  experiments  were  then  conducted  to 
determine  the  Iineshape  of  the  excitation.  Note 
that  the  energies  at  which  the  following  FWMb 
lineshapes  were  recorded  are  referenced  with  re¬ 
spect  to  the  position  of  the  peak  of  the  absorption. 
Fig.  4a  shows  the  FWMb  Iineshape  obtained  3.45 
meV  to  the  low  energy  side  of  the  absorption 
maximum.  The  Iineshape  is  slightly  asymmetric  on 
the  high  energy  side.  This  asymmetry  becomes 
much  clearer  in  the  FWMb  spectra  recorded  at  the 
absorption  line  center  as  seen  in  fig.  4b.  The 
presence  of  asymmetry  in  the  FWMb  response  is 
highly  significant,  since  it  can  be  shown  [6]  that  if 
we  are  measuring  just  the  homogeneous  Iineshape, 
the  FWMb  response  should  be  symmetric  about 
wb  -  «f «  0,  even  if  the  homogeneous  Iineshape  is 
asymmetric.  However,  such  asymmetric  lineshapes 
can  be  observed  in  the  FWMb  response  in  the 
presence  of  spectral  diffusion.  Hence  we  believe 
these  measurements  show  directly  that  excitons 
are  spectrally  diffusing  as  suggested  by  earlier 
work  [4].  Fig  4c  shows  a  comparison  of  the  mea- 
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Fig.  4.  The  FWMb  line  shape  «t  5  K.  (a)  The  liueshape  red  of 
the  absorption  maximum  (b)  The  Iineshape  measured  at  the 
peak  of  the  exciton  absorption,  (c)  The  temperature  depen¬ 
dence  of  the  line  width  in  (a). 

sured  temperature  dependence  of  the  line  width  in 
fig  4a  to  a  theory  based  on  phonon  assisted 
tunnelling  The  curve  varies  as  e^r  and  is  in 
general  agreement  with  theoretical  expectations 
[11], 
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Fig.  5-  FWMb  response  shown  for  2  temperatures,  (a)  The 
response  at  5  K.  (b)  The  response  at  15  K  illustrating  the 
spectral  diffusion  of  the  c<'7,3''on  to  lower  energies. 


Further  evidence  for  spectral  diffusion  is  shown 
in  fig.  5.  Fig.  5a  is  an  extended  scan  of  the  data 
shown  in  fig.  4b  at  5  K.  Fig.  5b  shows  the  same 
data  taken  at  15  K  illustrating  the  spectral  diffu¬ 
sion  of  excitons  to  lower  energies,  the  peak  of  the 
response  occurring  at  the  same  energy  as  the  peak 
of  the  luminescence.  As  in  the  case  of  the  lumines¬ 
cence  peak,  the  wide  resonance  in  the  FWMb 
spectra  shown  in  fig.  5b  represents  the  energy 
distribution  of  the  localized  excitons.  Theoretical 
results  of  the  FWMb  line  shape  obtained  from 
optical  Bloch-type  equations,  modified  to  include 
spectral  diffusion,  show  similar  behavior.  It  is 
interesting  to  note  that  while  we  obtain  clear 
evidence  for  energy  diffusion,  there  is  no  evidence 
in  the  data  to  suggest  that  the  excitons  are  spa¬ 
tially  diffusing. 

In  summary,  we  have  used  high  resolution 
frequency  domain  nonlinear  spectroscopy  to  study 


relaxation  and  excitation  lineshapes  in  GaAs  mul¬ 
tiple  quantum  wells.  At  room  temperature,  we 
have  measured  the  ambipolar  diffusion  coefficient 
and  the  free  carrier  recombination  time.  In  ad¬ 
dition,  we  have  observed  an  interference  effect  in 
the  FWMp  lineshape  which  we  believe  is  due  to  a 
shift  in  the  exciton  resonance.  At  low  temperature, 
we  have  identified  contributions  to  the  relaxation 
of  the  exciton  population  due  to  spectral  diffusion 
and  exciton  recombination.  Using  FWMb  spec¬ 
troscopy,  we  have  obtained  measurements  of  the 
lineshape  of  the  excitation.  The  observation  of 
asymmetric  FWMb  lineshapes  and  the  measured 
temperature  dependence  of  the  line  width  provide 
evidence  that  the  excitons  are  spectrally  diffusing 
via  phonon  assisted  tunnelling. 

This  work  is  supported  by  the  AFOSR,  US 
ARO  and  the  US  ARO  URI. 
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We  describe  cw  frequency -domain  nonlinear  laser  spectroscopy  results  obtained  in  the  study  of  relaxation  in  glasses 
doped  with  microcrystaJlites  of  CdSSe.  Measurements  are  made  as  a  function  of  temperature  and  optical  intensity, 
using  low-intensity  cw  optical  excitation.  The  results  are  interpreted  based  on  the  assumption  that  the  dynamics  of 
the  nonlinear  response  in  this  material  is  controlled  by  traps. 


Applications  to  nonlinear-optical  problems  and  the  possibil¬ 
ity  of  learning  about  the  physics  of  quantum-size  effects 
have  led  to  considerable  recent  interest  in  glasses  doped  with 
semiconductor  microcrystallites.  These  glasses  are  doped 
with  CdSw  Se*  and  are  commercially  available  as  sharp-cut 
colored  glass  filters.1 

In  the  commercial  material  the  microcrystallites  typically 
have  an  average  diameter  of  100  A  with  a  full  width  at  half- 
maximum  distribution  of  50  A  as  determined  by  electron 
microscopy  (obtained  for  the  Coming  material2),  which  re¬ 
sults  in  a  relatively  featureless  room-temperature  absorp¬ 
tion  edge.  At  low  temperature  these  materials  have  been 
reported  to  exhibit  structure  in  the  luminescence  spectrum 
attributed  to  quantum  confinement3,  and  more  recent  re¬ 
sults  have  shown  the  existence  of  structure  in  the  modulated 
absorption  spectrum.4  More  careful  material  processing 
methods  have  produced  material  with  a  uniform  size  distri¬ 
bution  that  shows  clear  structure  in  the  room-temperature 
linear  absorption  spectrum;  this  has  been  attributed  to 
quantum-size  effects.5  One  group6  has  produced  structures 
as  small  as  12  A  in  CdS,  CdSe,  and  CuCl.  Another  group2 
has  made  glasses  doped  with  microcrystallites  in  which  the 
size  distribution  is  controlled  by  a  heat  treatment  process, 
and  microcrystailites  as  small  as  25  A  have  been  observed. 

Because  of  the  relative  ease  of  fabrication,  the  large,  fast, 
nonlinear -optical  response,  and  the  fact  that  the  host  mate¬ 
rial  is  a  glass,  the  applications  of  these  materials  to  optical 
switches  and  integrated  optics  have  been  studied  by  numer¬ 
ous  groups.  In  addition,  tbere  have  been  several  studies 
discussing  the  physics  of  these  materials.  As  early  as  1964, 
the  material  was  used  to  demonstrate  a  Q  switch  in  s  laser.7 
Optical  bistability  waa  demonstrated  by  McCall  and  Gibbs6 
and  by  Gibbs  et  al.9;  however,  the  slow  response  suggested 
that  the  nonlinearity  was  thermal  in  origin.10  Using  a  Q- 
awitched  laser  and  transient  excitation,  Jain  and  Lind11 
demonstrated  optical  phase  conjugation  and  showed  that  a 
large  nonlinear-optical  susceptibility  was  observable  (x,3> 
10~8  esu).  They  determined  that  the  relaxation  time  was 
faster  than  8  nsec  (determined  as  an  upper  limit.)  The 
model  for  the  nonlinear  response  proposed  by  Jain  and  Lind 
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was  based  on  the  production  of  a  short-lived  electron-hole 
plasma.  This  work  waa  followed  by  numerous  other  experi¬ 
mental12-22  and  theoretical23-25  reports  of  the  nonlinear  re¬ 
sponse;  here  pulsed  excitation  was  used.  Included  in  these 
observations  have  been  several  measurements  of  the  dynam¬ 
ical  behavior26-29  that  are  of  key  importance  to  high-speed 
applications.  These  measurements  show  that  carrier  relax¬ 
ation  times  are  in  the  picosecond  time  domain.  The  range  of 
fast  relaxation  times  reported  in  the  literature  has  been 
attributed  to  defecta  that  decrease  the  relaxation  time  and 
that  are  induced  by  high-power  optical  irradiation  (photo- 
darkening).21  More  recently,  measurements  of  transient 
absorption  obtained  by  the  methods  of  ultrafast  laser  spec¬ 
troscopy  have  shown  relaxation  processes  occurring  on  the 
time  scale  of  a  few  hundred  femtoseconds.30  31  Measure¬ 
ments  on  CdSSe  glasses  in  which  quantum  confinement 
effects  dominate  have  demonstrated  the  importance  of  pho¬ 
non  broadening  and  have  shown  evidence  for  spectral  hole 
burning  at  low  temperatures.32  Other  measurements  of  hole 
burning  in  small  (35-55-A)  microcrystailites  of  CdSe  clus¬ 
ters  suspended  in  a  polystyrene  film  have  resulted  in  mea¬ 
surements  of  the  contributions  of  homogeneous  and  inho¬ 
mogeneous  broadening  to  the  electronic  absorption  spec¬ 
tra.33  The  recent  applications  are  discussed  in  Ref.  34. 

In  this  paper  we  examine  the  physical  behavior  of  a  slower 
but  much  larger  nonthermal  contribution  to  the  nonlinear 
optics!  response  obtained  under  cw  excitation.  The  first 
indication  of  the  possibility  of  a  large  cw  nonlinear  response 
was  provided  by  the  observation  of  low-frequency  dynamical 
behavior  leading  to  subharmonic  generation  and  near -chaot¬ 
ic  behavior  in  semiconductor-doped  glass  observed  at  low 
temperature  (140  K)  by  Zheludev  et  a/.35  This  work  was 
followed  by  measurements  in  our  laboratory,  using  degener¬ 
ate  four-wave  mixing,  of  the  room-temperature  cw  nonlinear 
response,  which  showed  a  nonlinear  response  much  larger 
but  slower  than  than  the  response  that  was  obtained  based 
on  pulsed  excitation.36  The  results  showed  x'31  *  10“"  esu. 
Using  four-wave  mixing  spectroscopy,  we  found  a  narrow 
resonance  (4.4  kHz)  in  the  nonlinear,  susceptibility  corre¬ 
sponding  to  a  7 2 -Msec  excitation-relaxation  time.  In  that 
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publication,  we  attributed  the  origin  of  the  nonlinear  dy¬ 
namics  to  contributions  from  traps,  a  result  suggested  by 
earlier  measurements313  and  confirmed  in  more  recent  re¬ 
searches.29-17 

This  paper  extends  the  earlier  measurements  to  show  the 
temperature  and  optical-intensity  dependence  of  the  non¬ 
linear  response.  These  results  are  discussed  based  on  the 
assumption  that  the  dynamics  of  the  nonlinear  response  is 
controlled  by  traps.  As  a  result  of  this  research,  we  have 
demonstrated34  that  a  large  third-order  susceptibility  (x131 » 
2  x  10~4  esu)  can  be  obtained  at  125  K.  In  addition,  the 
current  research  provides  a  measure  of  an  effective  thermal 
activation  energy,  and  a  model  is  discussed  that  suggests 
that  the  saturation  of  the  nonlinear  response  reported  in  our 
earlier  publication  is  due  to  saturation  of  the  available  traps. 
The  large  nonlinear  response  has  been  used  to  demonstrate 
efficient  optical  phase  conjugation,  and  the  narrow  band¬ 
width  and  near-angle-independent  response  have  been  used 
to  demonstrate  a  tunable  optical  filter.34 

The  experimental  configuration  for  these  measurements 
is  based  on  backward  four-wave  mixing,  using  a  frequency 
stabilized  tunable  cw  dye  laser.  Two  counterpropagating 
pump  beams  with  fields  E/fw)  and  E&(w)  interact  with  a 
probe  beam  Ep  (wp  ■  u  +  8)  in  the  sample,  which  is  contained 
in  a  variable-temperature  cryostat.  The  angle  between  the 
forward  pump  and  probe  beams  is  8.  The  three  beams 
interact  through  the  nonlinear  response  to  produce  a  signal 
field  (E,)  arising  from  a  polarization  proportional  to  x(3l(E/  • 
Ep*)Ej.  For  these  measurements  E/i|EpxE(,  (no  signal  is 
obtained  for  E/I|E(,J_EP  for  low-power  cw  excitation),  and 
the  signal  arises  from  the  coherent  scattering  of  E»  from  the 
traveling-wave  grating  of  excitation  produced  by  Ef  •  Ep.  In 
the  limit  where  the  dephasing  rate  is  large  compared  with 
the  excitation-relaxation  rates,  a  measurement  of  ]E,I2  as  a 
function  of  i  for  fixed  w  [the  four-wave  mixing-probe 
(FWMp)  response]  gives  a  line  shape  related  to  relaxation 
rates  associated  with  the  excitation  grating  produced  by  the 
forward  pump  and  probe.  (If  the  dephasing  rate  is  not  large, 
the  FWMp  response  may  include  interference  effects  arising 
from  the  induced  dipole.38)  A  simple  physical  understand¬ 
ing  of  the  FWMp  response  can  be  obtained  by  considering 
the  response  in  the  limit  of  small  and  large  i.  For  a  5  small 
compared  with  the  excitation-relaxation  rate,  the  spatial 
modulation  of  the  excitation  is  in  phase  with  the  intensity 
pattern  formed  by  E/Ep*,  and  a  strong  signal  is  produced  by 
the  scattering  of  the  backward  pump  beam  from  the  grating. 
However,  for  a  5  large  compared  to  the  excitation-relaxation 
rates,  the  spatial  modulation  of  the  excitation  is  washed  out, 
and  there  is  no  grating  to  produce  a  coherent  signal.39 

In  this  system  we  assume  that  the  nonlinear  response  is 
due  to  phase-space  filling  effects  that  are  caused  by  the  free 
carriers  produced  by  the  forward  pump  and  probe;  these 
effects  result  in  a  modulation  of  the  transition  oscillator 
strength.40  As  indicated  above,  because  of  the  slow  re¬ 
sponse,  it  is  believed  that  the  dynamics  of  the  nonlinear 
response  are  dominated  by  the  presence  of  traps.41  If  an 
electron  (or  hole)  decays  to  a  long-lived  trap,  the  remaining 
hole  (or  electron)  can  still  contribute  to  the  band  filling. 
Thus  a  component  of  the  band-filling  relaxation  rate  will  be 
determined  by  the  effective  decay  time  of  the  carriers  from 
the  traps.  The  linewidth  of  a  FWMp  measurement  is  thus 
related  to  the  effective  trap  relaxation  rate. 


A  detailed  study  of  the  FWMp  linewidth  was  performed 
with  the  experimental  setup  described  in  Ref.  36.  Since  the 
linewidths  were  much  smaller  than  the  interlaser  jitter  that 
is  associated  with  a  measurement  based  on  a  system  in  which 
one  stabilized  dye  laser  provides  the  pump  beams  and  a 
second  dye  laser  provides  the  probe  beam,  we  used  the  meth¬ 
od  of  correlated  optical  fields,  employing  two  acousto-optic 
modulators  driven  by  two  phase-locked  frequency  synthe¬ 
sizers.  In  this  approach  the  first-order  Bragg-scattered 
beam  from  the  first  modulator  provided  the  pump  beams, 
while  the  second  acousto-optic  cell  provided  the  probe  beam. 
The  first  acousto-optic  modulator  was  operated  at  a  fixed 
drive  frequency  of  40  MHz.  The  second  driver  could  be 
varied  about  the  40-MHz  drive  frequency.  In  this  way  we 
could  vary  i  over  the  range  needed  for  the  measurement  in 
order  to  obtain  line  shapes  without  contributions  from  laser 
jitter. 

Figure  1  shows  the  FWMp  linewidth  obtained  at  125  K  in 
RG630.  The  data  show  that  the  profile  is  not  a  pure  Lorent- 
zian,  suggesting  that  if  trap  dynamics  is  responsible  for  the 
behavior,  then  the  response  is  most  likely  an  average  over  a 
distribution  of  traps,  a  possibility  supported  by  additional 
data  below.  The  inset  on  the  left  shows  the  FWMp  profile 
as  a  function  of  excitation  wavelength  near  the  filter  absorp¬ 
tion  edge.  There  is  a  dependence  on  excitation  wavelength, 
with  the  linewidth  varying  from  214  to  429  Hz  at  this  tem¬ 
perature  as  the  wavelength  is  varied  from  600  to  614  nm. 
The  inset  on  the  right  shows  this  dependence  with  a  linear  fit 
of  the  data.  In  addition,  the  strength  of  the  nonlinear  re¬ 
sponse  also  varies.  On  the  blue  side  of  the  data  the  incident 
beams  are  strongly  absorbed  by  the  material,  whereas  on  the 
red  side  there  is  a  decrease  in  the  optical  coupling.  For  the 
remaining  data  below,  all  measurement  were  made  at  the 
peak  of  the  response. 

The  FWMp  response  was  studied  as  a  function  of  tem¬ 
perature.  Figure  2  shows  the  log  of  the  FWMp  linewidth  as 
a  function  of  1  IT.  All  linewidths  were  observed  to  have  a 
linear  dependence  on  optical  intensity.  The  data  used  for 
Fig.  2  correspond  to  the  zero-intensity  intercept.  (Further 
discussion  is  given  below  regarding  intensity-dependent  ef¬ 
fects.)  The  general  form  of  the  data  in  Fig.  2  suggests  a 
functional  form  for  the  effective  trap  decay  rate  given  by 
y(0)  +  T  exp (~€dhT),  where  y(0)  is  the  zero-temperature 
decay  rate  and  F  exp (—€JkT)  is  the  probability  per  unit 
time  for  the  electron  or  hole  to  escape  from  a  thermally 
activated  trap  (5 1  is  the  activation  energy).  The  solid  curve 
shown  in  Fig.  2  is  the  best  fit  of  the  functional  form  for  the 
effective  trap  decay  rate  given  above.  The  asymptotic  value 
of  the  curve  gives  the  zero-temperature  decay  rate.  The 
9lope  of  the  curve  gives  the  activation  energy,  determined  to 
be  137  meV.  The  decay  parameters  T  is  0.7  MHz,  and  the 
zero-temperature  decay  rate  ?(0)  is  43  Hz. 

It  is  most  likely  that  at  these  powers  the  excitation  is  in 
near  equilibrium  with  the  crystal  lattice  embedded  in  the 
glass  material,  and  the  actual  details  of  decay  are  most  likely 
far  more  complex  than  indicated  by  such  a  simple  descrip¬ 
tion.  Experiments  have  been  reported  in  colloidal  suspen¬ 
sions  of  CdS  clusters42  in  which  luminescence  decay  is  inter¬ 
preted  based  on  a  theory  for  multiphonon-assisted  excita¬ 
tion  transfer.43  For  our  measurements  we  are  unable  to 
distinguish  between  these  different  decay  mechanisms. 

We  also  observe  that  the  FWMp  linewidth  is  intensity 
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Fig.  1.  FWMp  spectrum  obU  .ied  by  the  method  of  correlated  optical  fields.  The  inset  on  the  left  shows  the  FWMp  line  shape  obtained  for 
different  excitation  wavelengths  at  a  constant  temperature.  The  inset  on  the  right  shows  the  dependence  of  linewidth  on  wavelength. 


dependent,  aa  shown  in  Fig.  3,  showing  a  linear  dependence 
on  intensity  at  low  powers.  Additionally,  as  reported  in  Ref. 
34,  we  observed  a  rolloff  in  the  nonlinear  response  at  high 
pump  intensities.  (At  125  K,  saturation  of  the  nonlinear 
response  occurred  around  10  W/cm2).  A  qualitative  under¬ 
standing  of  the  saturation  behavior  reported  in  Ref.  34  and 
the  results  obtained  in  the  FWMp  measurements  can  be 
obtained  by  considering  a  simple  model  of  the  nonlinear 
response  based  on  the  energy-level  diagram  shown  in  Fig.  4. 
In  this  model  optical  radiation  induces  a  transition  from  the 
valence  band  to  the  conduction  band,  producing  an  elec¬ 
tron-hole  pair.  The  electron  in  the  conduction  band  can 
decay  back  to  the  valence  band  with  decay  rate  To,  or  to  a 
trap  with  decay  rate  KN,  in  the  limit  that  the  traps  are 
unsaturated,  where  N,  is  the  total  trap  density.  (For  this 
discussion  we  consider  only  electron  traps.)  The  trapped 
electron  can  then  be  thermally  activated  from  the  trap  and 
return  to  the  conduction  band  with  rate  or  recombine 
with  a  hole  in  the  valence  band  with  rate  ^ 

In  the  absence  of  traps  the  FWMp  line  shape  would  have  a 
width  determined  by  the  carrier  recombination  rate.  (De¬ 
cay  of  the  induced  grating  by  spatial  diffusion  of  the  carriers 
is  not  included,  since  the  size  of  microcrystallites  is  small 
compared  with  the  grating  spacing  and  microcrystallites  are 
surrounded  by  insulating  glass.)  However,  if  electrons  (or 
holes)  can  be  trapped,  the  remaining  electrons  and  holes  can 
still  contribute  to  band  filling.  The  time  constant  for  the 
decay  of  this  system  weld  have  a  fast  component  owing  to 
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Fig.  2.  FWMp  linewidth  as  a  function  of  inverse  temperature. 

free-carrier  recombination  and  a  slow  component  deter¬ 
mined  by  the  rate  of  electron  (or  hole)  escape  from  the  trap. 

In  the  limit  that  the  dynamics  of  the  nonlinear  response 
are  determined  by  trap  kinetics,  this  simplified  model  can  be 
used  to  obtain  a  more  quantitative  understanding  by  consid¬ 
ering  the  rate  equations  for  the  electron  density  n  and  trap 
density  ni: 

h  ■  ♦  —  y^/i  —  K(Nt  -  n,)n  +  yunt,  (1) 

ht  -  K(Nt  -  n,)n  -  ytcn,  -  y„/it,  (2) 

where  *  represents  the  optical  generation  rate  of  electron- 
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Pig.  3.  FWMp  linewidth  a*  a  function  of  pump  intensity. 


Fig.  4.  Energy-level  diagram  describing  the  optical  interaction  be¬ 
lieved  responsible  for  the  nonlinear  response  in  CdSSe-doped  glass. 
See  text  for  definitions. 


hole  pain.  The  possibility  of  trap  saturation  is  included 
through  the  term  K(Nt  —  n,).  The  no"l>n»sr  response  of 
this  material  is  the  result  of  band  filling,  bo  that  we  take  the 
nonlinear  susceptibility  to  be  proportional  to  the  density  of 
free  electrons  and  holes.40  However,  since  experimentally 
we  detect  only  a  slow  component  of  the  nonlinear  response 
owing  to  the  presence  of  holes  that  penist  because  of  the 
presence  of  electron  traps,  we  take  the  dominant  term  in  the 
nonlinear  susceptibility  to  be  proportional  to  the  filled-trap 
density.  The  above  set  of  rate  equations  can  be  solved  in  the 
presence  of  strong  pumps.  However,  the  essential  features 
of  importance  to  spectroscopy  can  be  seen  from  the  solution 
obtained  in  the  limit  of  perturbation  theory  and  in  the  ab¬ 
sence  of  trap  saturation.  (Trap  saturation  effects  are  dis¬ 
cussed  below.)  Taking  ♦»  (a,b«/hu>)/,  where 
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co e(k,x  -  w,t  +  0,) 


we  obtain  an  expression  for  the  nonlinear  polarization  for 
the  FWMp  response  for  the  interaction  described  above  in 
the  limit  4  -  -  «p  «  y„,  KNt: 


P NL  *  exp(i(h,  -  kp  +  kb)x  -  i(4  +  u;,)f 


,s  +  y,K  +  +  K.v,)j 


+  C.C., 


13) 


where  { is  a  constant  and 

E,  coe(k,x  -  <i i,t  +  0,)  *  726,  exp[»(h,x  -  ^£>1  +  c.c. 


Thus,  in  the  case  of  a  single  trap  (i.e.,  no  distribution  of  trap 
lifetimes)  the  linewidth  at  zero  intensity  measured  in  a 
FWMp  experiment  is  given  by  an  effective  trap  lifetime 


ytn 


Tree 


+  7u 


When  the  effects  of  trap  saturation  are  included,  the  mod¬ 
el  predicts  a  rolloff  in  the  nonlinear  response  at  high  pump 
intensities  as  well  as  a  linear  increase  in  the  linewidth  with 
pump  intensity  in  the  low-pump-intenaity  limit.  In  particu¬ 
lar,  the  above  equations  can  be  solved  in  the  presence  of 
strong  pumps  (standing-wave  effects  are  ignored  since  the 
pump  polarizations  are  orthogonal.)  In  the  limit  that  the 
dominate  decay  channel  from  the  trap  is  >u,  the  above  polar¬ 
ization  describes  the  intensity-dependent  nonlinear  re¬ 
sponse  if  we  replace  N,  with  N,  -  n((dc>  and  replace  7*  with 
7tc  +  Kn(dc),  where 
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and  /o  is  the  pump  intensity.  These  equations  show  the 
linear  dependence  of  the  linewidth  on  intensity  and  the 
rollover  at  high  intensity;  however,  by  using  the  single-trap 
level  mode)  presented  above,  it  is  not  possible  to  reconcile 
the  low-intensity  linewidth  broadening  rate  with  the  ob¬ 
served  saturation  intensity.  Estimation  of  the  saturation 
intensity  from  the  low-intensity  linewidth  broadening  rate 
predicts  a  value  of  saturation  intensity  that  is  much  lower 
than  that  observed  experimentally.  Currently,  we  believe 
the  explanation  for  this  difference  is  that  this  material  is 
characterized  by  a  range  of  trap  lifetimes  with  correspond¬ 
ingly  different  concentrations  and  positions  within  the  band 
gap.  As  the  intensity  of  the  pumps  is  increased,  the  traps 
begin  to  fill,  and  different  groups  of  traps  in  the  distribution 
then  contribute  to  the  response.  Thus  at  low  pump  intensi¬ 
ties  the  response  most  likely  results  from  one  group  of  traps, 
and  the  values  of  trap  relaxation  time  and  activation  energy 
thus  pertain  only  to  this  gToup  of  traps.  However,  at  the 
higher  intensities  different  parts  of  the  trap  distribution 
contribute  to  the  signal,  resulting  in  an  effective  saturation 
intensity  that  will  differ  from  the  prediction  based  on  the 
assumption  of  a  single  trap  and  use  of  the  measured  low- 
intensity  linewidth  broadening  rate.  Such  an  interpretation 
is  supported  by  recent  measurements  by  Tomita  et  a l.,37 
which  have  shown  nonexponential  decays  in  luminescence 
lifetimes  with  time  constants  ranging  from  2  usee  up  to 
lifetimes  beyond  20  usee  at  liquid-nitrogen  temperatures. 
These  multiple  exponential  decays  are  consistent  with  our 
non-Lorentzian  line  shapes. 
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In  summary,  these  measurements  provide  further  insight 
into  the  nature  of  the  nonlinear  response  obtained  by  using 
cw  excitation  in  CdSSe-doped  glass.  Using  frequency-do- 
main  nonlinear  laser  spectroscopy  methods,  we  have  deter¬ 
mined  the  effects  of  temperature  and  pump  intensity  on  the 
dynamical  behavior  of  the  nonlinear  response.  There  is 
strong  evidence  that  traps  are  responsible  for  the  dynamics 
of  the  cw  nonlinear  response  and  that  trap  saturation  is 
responsible  for  the  observed  rolloff  of  the  response. 
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Comment  on  “Ninlineir  Magneto-optics  of 
Vacuum:  Secocd-Harmooic  Generation” 


In  an  interesting  Letter,  Ding  and  Kaplan  propose  that 
the  four-wave  interaction  induced  by  quantum- 
electrodynamic  vacuum  fluctuations  can  be  observed  as 
second-harmonic  generation  in  an  external  dc  magnetic 
field.1  Unfortunately,  the  effect  they  consider  vanishes 
identically.  Indeed,  there  is  no  second-harmonic  genera¬ 
tion  for  any  combination  of  external  dc  magnetic  or  elec¬ 
tric  fields.  While  this  fact  is  implicit  in  a  well-known  pa¬ 
per  of  McKenna  and  Platzman,2  it  might  be  useful  to  re¬ 
peat  the  calculation  with  a  few  more  details. 

The  calculation  is  based  on  the  nonlinear  effective  La- 
grangian  density,  which  in  Gaussian  units  takes  the  fol¬ 
lowing  form:3 

Lm  —  IAF^FaF^] 

I  6*  64* 

--M£2-£2)  +  /-l(£2-£2)2+(EB)2].  0) 

8*  8* 

Here  ^mmeAhlASxm*c1  and  the  electromagnetic-field 
tensor  F^^b^Ay—byA,,.  Forming  the  action  and  taking 
the  variation  with  respect  to  the  four-vector  potential  AM, 
one  gets  equations  that  can  be  put  in  the  familiar  classi¬ 
cal  Maxwell  form: 


V  B-0,  VxE+-4r«0, 

c  ot 

(2) 

V  D-0,  VXH--—-0. 

c  bt 

Now,  however,  in  the  last  two  equations  (the  usual  inho¬ 
mogeneous  equations)  the  dielectric  displacement  and 
magnetic  intensity  are  given  by  the  nonlinear  expressions 


d-H-e+4*p- 

P— /-[2(£2-fl2)E+7(E-  B)B] , 
Ax 


H - J|-B— 4*M. 

M---^-t2(£2-£2)B-7(EB)Ej. 

Ax 


(3) 


It  is  at  this  point  that  Ding  and  Kaplan  seem  to  have  the 
wrong  expression:  they  appear  to  have  the  opposite  sign 
for  M. 

We  now  solve  the  nonlinear  Maxwell  equations  pertur- 
batively.2  In  zeroth  approximation  the  incident  fields 
satisfy  the  usual  linear  Maxwell  equations.  That  is,  in 
the  relations  (3)  one  sets  P  and  M  equal  to  zero.  In  the 
first  approximation  these  zeroth-order  fields  are  put  in 
the  nonlinear  expressions  for  P  and  M.  The  correspond¬ 
ing  terms  are  then  taken  to  the  right-hand  side  and  treat¬ 
ed  as  a  source  for  the  first-order  fields.  The  result  is  that 


the  first-order  fields  are  solutions  of  the  linear  Maxwell 
equations  in  the  presence  of  sources.  That  is,  in  Eqs.  (2) 
one  puts  D“E  and  H“B,  and  in  the  last  two  equations 
adds,  respectively,  source  terms  4*p  and  4*j/c,  with 

j-dP/dr+cVxM,  p--V  p.  (4) 

Inserting  the  nonlinear  expressions  (3)  for  P  and  M  eval¬ 
uated  with  the  zeroth-order  fields,  and  eliminating  the 
time  derivatives  using  the  zeroth-order  equations  in  the 
absence  of  sources,  wc  find  for  the  current  density 

j-“^-[4(EVxB  +  BVxE)E+2BxV(£2-£2) 

4* 

+7(BVxB-EVxE)B-7ExV(EB)l.  (5) 

For  second-harmonic  generation  in  the  presence  of 
uniform  dc  fields,  the  zeroth-order  field  is  a  superposition 
of  these  dc  fields  and  an  optical  field.  Following  Ding 
and  Kaplan,1  we  assume  the  optical  field  is  of  the  form 
of  a  wave  propagating  in  the  y  direction;  the  zeroth- 
order  field  is  of  the  form 

E-Eo+e(y-cl).  B-Bo+b(y -ct) ,  (6) 

where  b“yxe  and  e^—yxb.  With  this  form,  the 
current  density  (5)  becomes 

J  "  “  4<Bo- b*  -  Eo- e’XEo+f  *  Bo) 

4x 

-7(B0-e,+Eob')(Bo-^xEo)].  (7) 

where  the  prime  denotes  the  derivative  with  respect  to  y. 
This  term  corresponds  to  a  weak  dc-field-induccd  bire¬ 
fringence.  There  is  no  term  quadratic  in  the  optical  field 
and,  therefore,  no  second-harmonic  generation.  There  is 
no  term  of  third  order  in  the  optical  field  either,  so  there 
is  no  third-harmonic  generation.  Note  that  this  result 
holds  for  an  arbitrary  superposition  of  collinear  fields. 
Hence,  sum-  and  difference-frequency  contributions  also 
vanish.  There  is,  however,  nonvanishing  four-wave  mix¬ 
ing  of  noncollinear  fields.2 
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Ding  and  Kaplan  Reply:  In  the  preceding  Comments  by 
Raizen  and  Rosenstein1  (hereafter  RR)  and  by  Ford  and 
Steel2  (hereafter  FS)  on  our  recent  Letter,3  RR  state 
that  the  QED  box  diagram  for  second-harmonic  genera¬ 
tion  (SHG)  in  a  dc  magnetic  held  vanishes  identically, 
whereas  using  phenomenological  results,  FS  state  that 
although  nonlinearity  of  the  respective  order  does  not 
vanish,  SHG  vanishes  in  the  case  of  collinear  propaga¬ 
tion. 

We  agree  with  RR  that  the  result  for  the  box  diagram 
vanishes  only  for  collinear  photons4  and  when  dispersion 
is  absent.  The  main  reason  for  the  box  diagram  vanish¬ 
ing  is  nonconservation  of  four-momentum  in  such  an  in¬ 
teraction.4-5  However,  in  the  case  of  weak  dispersion  in 
vacuum  (which  always  exists  intrinsically5),  the  condi¬ 
tion  of  four-momentum  conservation  is  less  restrictive  for 
SHG.  This  results  in  the  fact  that  even  in  the  box  ap¬ 
proximation,  SHG  does  not  vanish  (although  the  box- 
diagram  contribution  is  smaller  than  that  from  the  hex¬ 
agonal  diagram);  see  the  Appendix  in  Ref.  5  which 
points  out  that  dispersion  can  enhance  the  SHG  ampli¬ 
tude.  Our  preliminary  calculations  show  that  the  effect 
proposed  in  Ref.  3  can  still  be  observed  if  one  spatially 
modulates  the  amplitude  of  the  dc  magnetic  field,  by  us¬ 
ing,  e.g.,  wigglers,  which  changes  the  dispersion  of  the 
system.  Regarding  the  statement  in  RR  that  “more 
complicated  diagrams”  must  be  used  even  in  the  case  of 
noncollinear  photons,  we  want  to  stress  again  that  essen¬ 
tially  the  box  approximation  is  still  valid  and  nonvanish¬ 
ing  in  the  case  of  slight  noncollinearity  (see  the  discus¬ 
sion  below  as  well  as  FS’s  Comment  that  still  uses  results 
of  the  box  approximation). 

Regarding  the  comments  by  FS  we  want  to  point  out 
that  the  sign  in  the  nonlinear  constitutive  relations  used 
by  us  was  based  on  Eqs.  (54.30)  in  Ref.  6.  Other 
sources,  in  particular  the  original  publications7  and  those 
cited  in  FS,  seem  to  use  the  opposite  sign  for  M,  .he 
difference  being  attributed  to  the  fact  that  the  notations 
for  H  and  B  have  been  interchanged  in  Ref.  6.  Presum¬ 
ing  the  propagation  equations  in  vacuum  in  the  standard 
form  of  Maxwell’s  equations,1 

▼  B-0,  VxE+(l/c)dB/dt-0,  (1) 

V  D-0,  VxH-(l/c)8D/ar-0,  (2) 

with  the  nonlinear  constitutive  relations  in  the  form  in 
Eqs.  (3)  in  FS,  we  agree  with  FS  that  if  one  chooses  E 
and  B  as  base  vectors  describing  the  wave  propagation, 
and  use  nonlinear  components  of  vectors  D  and  H  as 
driving  terms  for  Maxwell’s  equations,  then  the  driving 
terms  for  collinear  propagation  vanish  as  in  FS.  Howev¬ 
er,  although  E  and  B  are  fundamental  vectors,  the  prop¬ 
agation  of  energy  (and  therefore  energy  flow  in  SHG)  in 


classical  electrodynamics  seems  to  be  based  on  the  vec¬ 
tors  E  and  H  since  only  these  vectors  form  the  Poynting 
vector,  S“(e/4jr)(ExH),9  not  E  and  B.  Using  Eqs 
(1)  and  (2),  we  obtain  the  equations  for  Ej  and  H;  at 
the  second-harmonic  frequency  with  nonvanishing  driv¬ 
ing  terms;  for  a  particular  polarization  configuration,  in 
which  the  fundamental  wave  is  polarized  along  the  dc 
magnetic  field,  the  driving  terms  are 

D(J,“ex/<exp[2/()ti>'  —  w,t)] , 

(3) 

B(2)  “e,/4exp(2i'U:iy  -  <uir)]  , 

where  A  “  y  ?//<>,  although  these  driving  terms  do  not 
lead  to  the  same  results  as  in  Ref.  3.  The  difference  be¬ 
tween  results  for  the  pairs  E.H  and  E,B  disappears  for 
the  noncollinear  fundamental  beams.  Since  the  driving 
terms  do  not  vanish  for  SHG  in  a  dc  magnetic  field  in 
the  general  case  (as  is  also  indicated  in  FS),  they  should 
give  a  nonvanishing  result  for  noncollinear  propagation, 
in  which  case  the  calculation3  gives  the  estimate  which 
we  believe  is  correct  to  the  order  of  magnitude. 
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We  report  high-resolution  nonlinear-laser-spectroscopy  measurements  of  relaxation  of  lowest-energy 
heavy-hole  excitons  in  GaAs  multiple-quantum-well  structures.  We  show  that  excitons  below  the  ab¬ 
sorption  line  center  are  spatially  localized,  and  migrate  among  localization  sites  with  a  time  scale  of  or¬ 
der  100  p$.  The  measurements  give  the  resultant  quasiequilibrium  energy  distribution  of  the  scattered 
excitons  and,  based  on  the  temperature  dependence  of  the  migration  rate,  confirm  the  theoretical  model 
for  phonon-assisted  migration. 

PACS  numbers:  71.35,+z.  42.65.-t  78.47.+p.  78.65. Fa 


Optical  resonant  excitation  of  excitons  with  nearly 
monochromatic  light  of  energy  E  leads  to  an  optically  in¬ 
duced  polarization  (coherence)  and  a  population  of  exci¬ 
tons  within  A£  of  £  where  A £  — ftT*  (T*  is  the  homo¬ 
geneous  iinewidth  of  the  exciton).  The  decay  of  this  ex¬ 
citation  must  be  characterized  by  decay  of  the  polariza¬ 
tion  (often  called  dephasing)  as  well  as  decay  of  the  pop¬ 
ulation  about  energy  E.  In  a  simple  ideal  quantum  well, 
quasi-two-dimensional  excitons  are  described  by  a  Bloch 
type  of  wave  function  and  are  free  to  move  in  the  well 
plane.  At  low  exciton  density,  decay  of  the  excitation  is 
then  expected  to  be  predominantly  due  to  exciton- 
phonon  scattering  along  with  exciton  recombination.  In 
practice,  however,  the  problem  becomes  more  complicat¬ 
ed  due  to  nonideal  growth  processes.  Recent  transport 
and  chemical  lattice-imaging  measurements 1,2  have 
shown  the  interface  of  GaAs/AIGaAs  multiple-quan¬ 
tum-well  (MQW)  samples  exhibits  islandlike  structures 
with  a  height  of  one  monolayer  and  a  lateral  size  of  or¬ 
der  50  A.  For  an  exciton  confined  to  a  thin  GaAs  layer 
in  a  MQW,  its  energy  depends  strongly  on  the  well 
thickness.  For  example,  well  width  fluctuations  of  one 
monolayer  in  a  I00-A  GaAs/Alo  jGao  7 As  MQW  can  re¬ 
sult  in  a  change  of  exciton  energy  on  the  order  of  several 
meV.  Therefore,  at  low  temperature  in  the  low-energy 
region  of  the  heavy-hole  exciton  (HH1)  absorption  spec¬ 
trum,  excitons  can  be  localized  in  the  well  with  an  ener¬ 
gy  determined  by  the  local  environment3  leading  to  inho¬ 
mogeneous  broadening  of  the  linear  absorption  spectrum. 
Excitons  in  the  high-energy  region  may  still  be  delocal¬ 
ized.3  These  excitons  are  expected  to  experience  addi¬ 
tional  dephasing  due  to  elastic  scattering  from  potential 
fluctuations  in  addition  to  the  decay  due  to  exciton- 
phonon  scattering  and  exciton  recombination. 

Localized  excitons  are  in  a  local  minimum  in  energy, 
and  at  very  low  temperature,  decay  of  the  localized  exci¬ 
ton  at  energy  E  is  expected  to  be  dominated  by  migra¬ 
tion  between  localization  sites.  The  migration  is  accom¬ 
panied  by  absorption  or  emission  of  acoustic  phonons  to 
compensate  for  the  energy  difference.  Indeed,  phonon- 


assisted  migration  was  proposed  to  explain  the  slow  and 
nonexponential  energy  relaxation  observed  in  time- 
resolved  luminescence  measurements  in  a  GaAs  MQW.4 
While  the  migration  is  due  to  the  overlap  of  the  exciton 
wave  functions  between  different  sites  for  small  intersite 
distances,  the  intersite  dipole-dipole  interaction  mediates 
the  migration  process  when  the  intersite  distance  is  much 
greater  than  the  localization  length.3  It  is  estimated  that 
the  typical  magnitude  of  participating  phonon  wave  vec¬ 
tors  is  within  a  few  times  of  the  inverse  of  the  localiza¬ 
tion  length,  which  indicates  the  energy  of  participating 
phonons  is  on  the  order  of  0.01-0.1  meV.  At  higher 
temperatures  ( >  10  K).  thermal  activation  of  localized 
excitons  to  delocalized  states  becomes  important.  This 
process  is  associated  with  phonon  absorption,  and  has 
been  observed  in  GaAs  MQW  structures  using  resonant 
Rayleigh  scattering3  and  resonant  Raman  scattering.4 
The  estimated  activation  energy  indicates  that  the  onset 
for  the  delocalized  exciton  is  near  the  absorption  line 
center. 

A  distinctive  signature  for  phonon-assisted  migration 
is  the  temperature  dependence.  Recent  work  by  Taka- 
gahara3  has  shown  the  temperature  dependence  of  the 
migration  rate  in  MQW  structures  has  a  form  given  by 
exp (BT*),  and  has  been  observed  in  transient  hole- 
burning  experiments  in  an  InGaAs/InP  MQW.7  In  this 
expression,  B  is  positive  and  independent  of  temperature 
but  is  expected  to  increase  with  the  exciton  energy  and 
depends  on  the  details  of  interface  roughness;  a  is  es¬ 
timated  to  be  between  1.6  and  1.7.  The  predicted  tem¬ 
perature  dependence  is  quite  different  from  that  of 
variable-range  hopping  used  by  Mott  to  interpret  elec¬ 
tronic  conduction  in  the  localized  regime,*  and  is  attri¬ 
buted  to  the  role  of  the  long-range  dipole-dipole  interac¬ 
tion  involved  in  the  migration  of  the  localized  exciton.3 

In  this  paper,  we  present  results  of  high-resolutioo 
nonlinear  laser  spectroscopy  of  lowest-energy  heavy-hole 
excitons  in  a  GaAs/AIGaAs  MQW  at  temperatures  be¬ 
tween  2.5  and  15  K.  Using  frequency-domain  four- wave 
mixing  (FWM),  we  are  able  to  obtain  relaxation  rates 
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for  the  exciton  population  at  a  given  energy  £,  and  to 
directly  measure  the  steady-state  exciton  redistribution 
under  narrow-band  cw  excitation.  The  measurement 
shows  that  excitons  below  the  absorption  line  center  are 
localized  and  migrate  among  localization  sites  on  a  time 
scale  of  order  100  ps.  The  predicted  temperature  depen¬ 
dence  of  the  migration  rate  is  also  confirmed. 

The  experimental  configuration,  discussed  elsewhere, * 
is  based  on  the  use  of  two  frequency  stabilized  tun¬ 
able  cw  dye  lasers.  Three  incident  beams  E/(o>/,k/), 
E»(ai&,k*),  and  Ep(0p,kp)  (/,  b,  and  p  represent  for¬ 
ward,  backward,  and  probe,  respectively,  and  EPIIE/ 
xE»)  interact  in  the  sample  to  generate  a  signal  beam 
Ejfo^.k,)  which  is  proportional  to  *mE/E*  E*,  where 
0,"0/+0»  —  Up.  E/  E p  results  in  a  spatial  and  tem¬ 
poral  modulation  of  the  exciton  population10  which 
modifies  the  optical  response  of  the  sample  through  exci¬ 
ton  phase-space  filling  and  exchange  effects. 1 1  The  sig¬ 
nal  arises  from  coherent  scattering  of  the  backward 
beam  from  the  modulation.  Spectroscopic  information 
related  to  the  energy-level  structure  and  relaxation  of  the 
system  is  obtained  by  measuring  the  nonlinear  response 
as  a  function  of  the  frequency  of  any  of  the  three  input 
beams.  Depending  on  which  frequency  is  tuned,  the 
resultant  line  shape  is  designated  the  FWMi  line  shape 
(im‘f,b,p).  The  physical  meaning  of  the  different  line 
shapes  can  be  understood  based  on  the  following  simple 
picture  (a  more  rigorous  analysis  based  on  effective  opti¬ 
cal  Bloch  equations  is  presented  elsewhere11). 

In  the  FWM6  measurement,  E/-E p  (|a>/  —  atp\ dCT*) 
excites  an  exciton  population  in  a  spectral  hole  with  a 
half-width  A£"hr»  within  the  inhomogeneous  width. 
A  resonance  as  a  function  of  a>»  occurs  when  to,  is  reso¬ 
nant  with  the  exciton  dipoles  induced  by  E/-  E*.  This 
leads  to  a  simple  resonance  represented  by  the  hole- 
burning  denominator  ( a ,  —  «p  +  2jT*  )  ~ '  (note  the  extra 
factor  of  2  over  ordinary  linear  spectroscopy).13-14  In 
addition,  since  E*  detects  the  exciton  dipole,  localized 
excitons  that  are  scattered  to  other  energy  states  will  also 
contribute  to  the  FWM6  response,  allowing  for  the 
direct  measurement  of  the  exciton  spectral  redistribu¬ 
tion.  While  delocalized  excitons  can  also  be  scattered  to 
other  energies  by  inelastic  processes  such  as  exciton- 
phonon  interactions,  these  states  have  nonzero  momen¬ 
tum,  and,  as  a  result,  a  zero  dipole  moment.  In  this  case, 
the  FWM6  line  shape  simply  provides  a  measure  of  the 
exciton  homogeneous  line  shape. 

In  the  FWM 1/  measurement,  we  hold  and 

tune  «/  by  an  amount  6~a>/  —  <op  producing  a  trav¬ 
eling-wave  modulation  of  excitation.  The  nonlinear 
response  as  a  function  of  6  then  measures  the  decay  rate 
T  of  the  modulation  formed  by  excitons  that  are  resonant 
with  F  includes  contributions  from  exciton  recom¬ 
bination  as  well  as  scattering  of  excitons  from  energy  £ 
to  £'  where  |£  —  £'|  >  r*.  Spatial  diffusion  of  the  exci¬ 
ton  also  contributes  to  the  decay  and  manifests  itself  as  a 


dependence  of  the  decay  rate  on  the  spatial  period  of  the 
modulation. 15  In  the  limiting  case  where  r*--r/2,  the 
FWM /  line  shape  is  complicated  by  the  fact  tuning  to/ 
tunes  to,.  The  I  WM /  response  then  experiences  an  ad¬ 
ditional  resonant  effect  from  the  hole-burning  denomina¬ 
tor  appearing  as  (5  + 2iT*)  _l,  resulting  in  a  deviation 
from  a  simple  Lorentzian  and  requiring  a  small  correc¬ 
tion  (of  order  1)  in  relating  T  to  the  FWHM  for  abso¬ 
lute  decay-rate  measurements.  The  FWMp  response 
provides  a  measurement  similar  to  the  FWM/  response. 
However,  since  a>/“0»,  the  hole-burning  denominator 
appears  as  (6+iT*)_l  resulting  in  a  slightly  larger 
correction.  In  the  case  r*»r/2,  the  FWMp  and 
FWM/  line  shapes  are  the  same  and  independent  of  F*. 

Samples  consisted  of  65  periods  of  96-A  GaAs  wells 
and  98-A  AlojGao.rAs  barriers,  grown  at  630 #C  by 
molecular-beam  epitaxy  on  semi-insulating  (100)  GaAs 
substrates  with  interrupted  growth.  They  are  mounted 
on  a  sapphire  disk  (r-axis  normal)  with  the  substrate  re¬ 
moved.  The  data  presented  in  this  paper  were  obtained 
on  a  sample  that  is  characterized  by  an  absorption 
linewidth  of  2.2  meV  for  the  HHI  exciton,  and  a  Stokes 
shift  of  I  meV  between  the  HHI  exciton  absorption  and 
emission.  Similar  results  were  also  obtained  on  other 
samples.  All  the  nonlinear  measurements  are  carried  out 
on  the  HHI  exciton  with  an  exciton  density  on  the  order 
of  lOVcm1. 

The  complex  decay  dynamics  of  the  exciton  population 
is  seen  in  the  FWM /  response.  A  typical  line  shape 
below  the  absorption  line  center  is  shown  in  Fig.  1  (a). 
The  FWHM  corresponds  to  a  relaxation  time  of  60  ps, 
which  is  too  slow  to  be  due  to  phonon  scattering  of  the 
delocalized  exciton  (typically 16  on  a  time  scale  of  several 
ps),  and  is  over  an  order  of  magnitude  faster  than  the  ex¬ 
citon  recombination  time.  Furthermore,  the  FWHM  is 
independent  of  the  grating  period,  indicating  the  contri¬ 
bution  from  exciton  diffusion  is  negligible  and  that  exci¬ 
tons  are  localized  in  this  spectral  region.  Hence,  the 
data  suggest  that  the  decay  is  due  to  spectral  diffusion  as 


FIG.  1.  The  FWM/  responses  (where  energy  shifts  *re 
given,  they  refer  to  the  absorption  line  center  at  1.5508  eV): 
(a)  at  1.5  meV  below  line  center  and  at  2.5  K,  (b)  at  0.6  meV 
below  line  center  and  at  10  K,  and  (c)  at  2  meV  above  line 
center  and  at  10  K. 
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a  result  of  scattering  of  localized  excitons  from  energy  £ 
to  £'  (|£  —  £'|  >  T* ).  In  fact,  the  decay  rate  is  in  agree¬ 
ment  with  a  recent  calculation  based  on  phonon-assisted 
migration  of  the  localized  exciton.5  In  addition,  excitons 
that  are  scattered  from  £  to  £'  can  later  be  scattered 
back  to  energy  £  establishing  a  quasiequilibrium  exciton 
population  about  £  before  they  eventually  recombine. 
This  quasiequilibrium  population  contributes  to  the 
FWM/  response  with  a  decay  rate  characterized  by  the 
exciton  recombination  rate.12  The  FWM/  response 
shown  in  Fig.  1(a)  indeed  shows  a  small  and  narrow 
feature  at  the  top  of  the  line  shape.  The  narrow  feature 
becomes  more  pronounced  at  higher  temperature  due  to 
faster  exciton  migration  as  shown  in  Fig.  Kb).  The 
width  associated  with  the  feature  corresponds  to  a  decay 
time  of  1.2  ns,  consistent  with  the  exciton  recombination 
rate.17 

We  further  examine  the  relaxation  mechanism  of  the 
localized  exciton  by  studying  the  temperature  depen¬ 
dence  of  the  exciton  relaxation  rate.  Figure  2(a)  shows 
the  temperature  dependence  of  the  exciton  relaxation 
rate  obtained  at  0.6  and  1.5  meV  below  the  absorption 
line  center  using  the  FWM /  response.  The  data  are  in 
good  agreement  with  the  theory  of  phonon-assisted  mi¬ 
gration  discussed  above  with  a -1.6.  The  measurement 
indicates  that  the  dominant  contribution  to  relaxation  of 
the  localized  exciton  is  phonon -assisted  migration  up  to  a 
temperature  of  15  K.  Note  that  earlier  measurements3'* 
have  reported  observations  of  an  activation  type  of  tem¬ 
perature  dependence  for  the  localized  exciton  at  temper¬ 
atures  between  7  and  20  K,  indicating  that  in  this  tem¬ 
perature  region,  relaxation  for  the  localized  exciton  is 
dominated  by  thermal  activation  to  delocalized  states.  It 
has  been  suggested1*  that  sample-dependent  variations  in 
the  thermal  activation  energy  are  the  result  of  differ- 
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FIG.  2.  (a)  The  temperature  dependence  of  the  exciton  de¬ 
cay  rate.  Circles  and  crosses  arc  data  obtained  at  1.5  and  0.6 
meV  below  line  center,  respectively.  Dashed  lines  are  fiu  by 
the  theory  of  phonon-assisted  migration,  (b)  The  energy 
dependence  of  the  exciton  decay  rate  at  10  K.  The  dashed  line 
is  only  a  guide  to  the  eye. 


ences  in  the  nature  of  interface  roughness.  Hence,  the 
effective  activation  energy  can  be  much  higher  than  sim¬ 
ply  the  energy  difference  between  the  mobility  edge  and 
the  localized  exciton  resulting,  at  low  temperature  (  <  15 
K),  in  a  thermal  activation  rate  much  smaller  than  the 
phonon-assisted  migration  rate. 

The  energy  dependence  of  the  decay  of  the  exciton 
population  below  the  absorption  line  center  is  shown  in 
Fig.  2(b).  For  exciton  energies  less  than  1.5  meV  below 
the  absorption  line  center,  the  decay  rate  depends  very 
weakly  on  the  energy.  The  rate  increases  rapidly  when 
the  exciton  energy  approaches  the  absorption  line  center, 
suggesting  a  transition  from  localized  to  delocalized  exci¬ 
tons.  3 

If  we  imagine  that  localized  excitons  are  optically  ex¬ 
cited  at  energy  £  and  then  migrate  among  localization 
sites  to  different  energies,  a  quasiequilibrium  exciton 
population  over  a  broad  spectral  range  can  be  established 
assuming  the  exciton  migration  rate  is  large  compared 
with  the  recombination  rate.  As  indicated  earlier,  it  is 
the  decay  of  this  quasicquilibrium  distribution  that  gives 
rise  to  the  narrow  features  in  Figs.  1(a)  and  1(b).  The 
spectral  redistribution  of  the  population  can  be  directly 
measured  in  the  FWM6  response  by  scanning  a>»  while 
keeping  to/  and  ct>,  fixed  at  £.  Figure  3  shows  a  FWM6 
line  shape  where  excitons  are  optically  excited  at  1.5 
meV  below  the  absorption  line  center.  The  nonlinear 
response  is  corrected  for  sample  absorption,  and  is  pro¬ 
portional  to  the  quasiequilibrium  exciton  population  as¬ 
suming  all  excitons  in  the  spectral  region  concerned  give 
rise  to  the  same  cw  nonlinear  response. 

To  improve  the  qualitative  understanding  of  the  exci¬ 
ton  migration  process,  we  introduce  a  distribution  kernel 
/(£,£’),  the  rate  for  an  exciton  to  migrate  from  energy 
£  to  £'.  /(£,£')  is  analogous  to  collision  kernels  which 
are  used  to  describe  velocity-changing  collisions  in  atom¬ 
ic  vapor. 14  Decay  of  the  exciton  population  can  then  be 
described  by  the  following  transport  equation: 

d(£)--(r+r£)p(£)+ //(£',£  )p(£')d£\ 

where  p(£ )  is  the  density  of  the  excitons  at  £,  j  is  the 


swe; - 1 - 1 - aw _ i 

1.548  1.549  1.550 


Exciton  Energy  (eV) 

FIG.  3.  The  FWM6  response  with  the  frequencies  of  the 
forward  and  probe  beams  at  1.5  meV  below  line  center. 
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recombination  rate,  Tg  ■*//(£,£')</£'  is  the  overall  rate 
at  which  excitons  migrate  out  of  states  with  energy  £. 
In  principle,  the  transport  equation,  together  with  the 
equation  for  the  nonlinear  polarization,11 20  can  provide 
a  description  for  the  FWM/  and  FWM6  line  shapes, 
though,  in  general,  /(£,£')  is  unknown  and  has  to  be 
determined  by  experiments.  However,  by  assuming 
/(£,£')  to  be  independent  of  the  initial-state  energy, 
analytical  solutions12  can  be  obtained  for  standard  distri¬ 
butions  and  can  show  that  the  FWM/  response  has  an 
additional  component  with  a  width  given  by  y  as  antici¬ 
pated  based  on  physical  arguments.  The  FWMb  line 
shape  in  Fig.  3  can  be  described  by  a  simple  model  which 
neglects  migration  to  states  above  the  excitation  energy, 
and  is  based  on  the  understanding  of  the  solution  to  the 
above  transport  equation.  The  model  assumes  a  Gauss¬ 
ian  distribution  for  the  quasiequilibrium  population  of 
excitons  that  have  migrated  to  states  below  the  excita¬ 
tion  energy.  The  result  is  plotted  as  a  solid  line  in  Fig.  3. 

Finally,  we  note  that  earlier  measurements  have  sug¬ 
gested  that  excitons  above  the  absorption  line  center  are 
weakly  delocalized.1  Indeed,  our  measurements  of  the 
FWM /  response  show  a  quadratic  dependence11  of  the 
modulation  decay  rate  on  the  inverse  of  the  spatial 
period  of  the  modulation  yielding  a  diffusion  coefficient 
on  the  order  of  4  cm2/s.  More  strikingly,  for  large  spa¬ 
tial  modulation  spacing  where  there  is  negligible  contri¬ 
bution  from  exciton  spatial  diffusion,  the  FWM/  line 
shape  is  completely  dominated  by  the  recombination 
component  due  to  the  rapid  exciton-phonon  scattering 
[on  the  order  of  several  ps  (Ref.  16)1.  A  typical  FWM / 
line  shape  in  this  case  is  shown  in  Fig.  1(c).  The 
FWHM  of  the  line  shape  corresponds  to  an  exciton 
recombination  time  of  1.2  ns.  Using  the  FWMA 
response,  we  also  determined  the  homogeneous  width  to 
be  on  the  order  0.5  meV  (corresponding  to  a  dephasing 
time  of  1.3  ps)  at  a  temperature  of  S  K,  consistent  with 
what  is  expected  for  the  delocalized  exciton. 16 
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The  optical  properties  of  GaAs/AlxGa]  .xAs  multiple  quantum  well  structures  are  dominated  by  strong 
sharp  excuonic  resonances  near  the  band  edge  which  are  observable  in  both  absorpuon  and  luminescence 
spectra1,2.  The  quasi  2-dimensional  excuons  are  confined  in  the  GaAs  layer  by  the  AJxGai.xAs  banters  The 
principal  properties  of  the  confined  exciton  include  a  binding  energy  which  increases  with  decreasing  well  width 
and  a  blue  shift  in  the  exciton  transiuon  energy.  Indeed  the  increase  in  binding  energy  due  to  confinement  explains 
the  clear  observauon  of  these  resonances  even  at  room  temperature  These  materials  are  grown  by  molecular  beam 
epitaxy  (MBE)  methods  and  are  important  for  application  in  high  speed  electronic  and  opto-electronic  devices3. 
Moreover,  the  ability  to  fabricate  crystals  with  dimensions  controllable  at  die  atomic  level  provides  an  excellent 
opportunity  to  study  the  basic  physics  giving  rise  to  relaxation  of  the  exciton  with  reduced  dimensionality  through 
the  interaction  of  the  exciton  with  the  crystal  lattice. 

Opucal  resonant  excitation  of  the  exciton  with  quasi -monochromatic  light  with  energy  E  leads  to  an 
optical  induced  coherence  (the  polanzauon)  as  well  as  a  population  of  the  excitons  with  energy  between  E  and 
E+AE.  Hence  the  decay  of  the  coherent  excitation  must  be  characterized  by  decay  of  the  coherence  or  polarization 
and  the  decay  of  the  population  at  energy  E.  At  room  temperature,  it  is  well  known  that  LO  phonons  (Elo  -  37 
meV)  ionize  the  exciton  (binding  energy  -  9  meV)  on  a  time  scale  of  a  few  hundred  femtoseconds4.  The  decay  rate 
of  the  coherence  measured  by  the  homogeneous  linewidth  or  dephasing  rale  is  then  dominated  by  this  ionization 
rate  while  the  relaxation  of  the  energy  is  then  typically  determined  by  electron-hole  dynamics.  At  low 
temperature,  the  exciton  is  stable  against  phonon  ionization  and  the  predominant  decay  of  the  energy  would  be  by 
recombination  of  the  electron-hole  pair  of  the  exciton.  In  a  perfect  crystal  at  low  temperature  excuons  are 
delocalized  and  described  by  Bloch  type  v  ave  functions.  The  decay  of  the  coherence  is  then  expected  to  be  due 
predominantly  to  elastic  scattering  by  acoustic  phonons  along  with  contributions  due  to  decay  of  the  exciton  by 
recombination. 

However,  in  a  quantum  well  structure,  the  problem  can  become  more  complicated5-6.  Nonideal  growth 
conditions  result  in  interface  roughness  between  the  GaAs  well  region  and  the  AIGaAs  barrier  region.  From 
transport  measurements7,8  and  chemical  lattice  imaging  methods9,  it  is  known  that  the  island  regions  which  form 
during  growth  are  typically  one  monolayer  high  and  of  order  50  A  in  lateral  extenL  Since  the  exciton  has  a  Bohr 
radius  of  order  65  A  for  a  100  A  well,  the  exciton  experiences  a  shift  in  the  transition  energy  due  to  this  interface 
roughness.  These  shifts  lead  to  inhomogeneous  broadening  of  the  exciton  absorpuon  resonance5.  In  the  low 
energy  region  of  the  absorption  spectrum,  the  excuons  are  considered  to  be  spatially  localized  by  the  island  like 
structures.  At  low  temperature  (<I0K),  it  is  expected  that  excitons  can  then  migrate  among  the  islands  by 
emiuing  or  absorbing  acoustic  phonons  leading  to  decay  of  the  excitons  at  energy  E  and  dephasing  of  the  induced 
coherence.  At  higher  temperatures,  the  excitons  (at  energy  E)  will  experience  an  additional  contribution  to  their 
decay  by  thermal  activation  to  higher  lying  quasi-delocalized  slates.  The  general  process  of  energy  migration  is 
designated  spectral  diffusion.  Above  line  center,  the  excitons  arc  believed  to  be  quasi-delocalized.  The  dcphasuig 
of  the  induced  polanzauon  is  due  to  scattenng  along  the  2-D  dispersion  curve  by  acousuc  phonons  and  disorder  due 
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to  interface  roughness.  Evidence  for  this  transition  region  designated  the  excaon  mobility  edge  has  been  reported 
in  the  pioneering  work  of  Hegarty  and  Sturgelu 

In  this  paper  we  describe  the  use  of  new  precision  frequency  domain  nonlinear  laser  spectroscope  methods 
for  the  general  study  of  cxciton  dynamics' 1,1  The  objective  is  to  experimentally  determine  the  completeness  of 
the  above  description  of  exetton  relaxation.  The  frequency  domain  methods  are  particularly  well  suited  to  this 
problem  because  the  narrow  bandwidth  of  the  excitauon  permits  improved  r.  .ohmon  o-  er  the  usual  umc  domain 
measurements  and  it  is  straight  forward  to  observe  in  a  single  measurement  time  scales  ranging  over  twelve  oru-u 
of  magnitude  associated  with  excuon  dynamics.  In  addition  the  frequency  domain  methods  allow  us  to  eliminate 
contributions  from  inhomogeneous  broadening  and  to  obtain  homogeneous  line  shapes  along  with  information 
related  to  spectral  diffusion  kernels. 

A  complete  analytical  discussion  of  the  basis  for  precision  spectroscopy  based  on  frequency  domain  four- 
wave  mixing  (FWM)  in  simple  systems  has  been  presented  by  us  elsewhere*314  However,  the  physical  basis 
for  interpretation  of  FWM  lineshapes  is  understood  by  considering  the  basic  details  of  the  resonant  nearly- 
degenerate  FWM  response  in  a  semiconductor.  The  experiments  are  based  on  the  backward  FWM  interaction 
shown  in  Fig.  1. 


GaAs  AlGaAs 


Figure  1:  A  schematic  representation  of  the  experimental  configuration  for  frequency  domain 
four-wave  mixing  spectroscopy  in  GaAs/AlGaAs  quantum  well  structures.  The  cross  hatched 
region  represents  the  region  of  optically  excited  excitons  which  are  confined  by  the  AlGaAs 
barriers. 


The  three  input  fields  (designated  with  subscript  f,  b,  p  representing  forward,  backward  and  probe  fields, 
respectively)  interact  via  the  third  order  nearly  degenerate  resonant  (i.e.,co,  =  w,  “  &)„)  nonlinear  susceptibility 
X<3>  {©$  =  ©f  -  ©p  +  <iib)  to  produce  a  coherent  signal  field,  Es.  Physically,  the  signal  field  arises  from  a 
coherent  scattering  of  the  p-polarized  backward  field  from  the  spaual  and  temporal  modulation  of  the  optical 
absorption  and  dispersion  created  by  the  interference  of  the  s-polarized  forward  pump  and  probe  fields,  given  by  Ef 
•  Ep*  with  a  time  and  space  dependent  phase  given  by  (cof  -  ci)p)t  -  (kf  -  kp)x.  (At  low  exciton  densities, 
experiments  show  the  absence  of  any  tensor  grating  formed  by  EbEp*) 

Near  resonance,  it  is  well  known  now  that  the  nearly  degenerate  third  order  susceptibility  arises  from 
many  body  effects  due  to  the  creation  of  excitons15.  The  effects  include  band  filling,  screening  and  exchange 
which  modify  the  oscillator  strength,  the  linewidth.  and  the  resonance  frequency.  In  a  phenomenological 
description,  these  effects  can  be  quantified  by  replacing  the  optical  constants  £<,,  representing  fQ,  to0,  and  r0. 
corresponding  to  the  oscillator  strength,  resonant  frequency,  and  linewidth,  respectively  in  the  linear  susceptibility 
x  =  j d(O0P(Ci)0)/0  /  [(Cl)  -  w0)  -  ir0],  with  ?o  =  £o(l  +  +  £*«*)  where  n,  is  the  corresponding  earner 

density  and  expanding  x,  keeping  the  terms  first  order  in  njls.  The  n,  are  determined  from  their  corresponding  rate 
equations.  At  low  temperature,  the  exciton  is  stable  against  phonon  ionization  and  the  parameters  are  modified  to 
reflect  the  corresponding  exciton  density.  The  function  P(oio)  represents  the  distribution  of  resonant  frequencies 
and  gives  rise  to  inhomogeneous  broadening  if  the  width  of  P  is  large  compared  to  F0. 

Based  on  this  discussion  in  the  rate  equation  limit  where  energy  relaxations  are  small  compared  to 
dephasing  rate,  r0,  (a  reasonable  approximation  for  many  of  the  measurements  discussed  below,  except  where 
noted)  it  is  easily  seen  that  measuring  the  signal  strength  as  function  of  (Of  -  ©p  while  holding  oif  (or  ©p)  »  a>b 
(designated  the  FWMp  or  FWMf  response)  provides  a  measure  of  the  relaxation  rate  of  the  spatial  modulation. 
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More  specifically,  the  interference  of  Ef  and  Ep  produces  a  traveling  wave  modulation  of  the  excitation  *hcn  tar  * 
u)p.  When  tof-ojpl  is  larger  than  the  spatial  modulation  decay  rate,  the  signal  intensity  then  decreases  with 
increasing  lu)f  -  d)pl.  The  lineshape  function  associated  with  this  measurement  is  given  by 

L*n  L«of-<op)2-ny  +  D\k  rkp\2)2  a, 

where  y  is  the  energy  relaxation  rate  and  D  Ikf  -  kpi2  JS  ihe  spatial  diffusion  rate  which  accounts  fur  die  fiut  that 
the  excitation  may  diffuse  in  space,  the  rate  being  determined  by  diffusion  coefficient  and  the  reciprocal  grating 
spacing  Ik  f  -  k  J2  =  (16rr2  sin2  6  /  2)  /  i2  ■ 

If  the  system  is  homogeneously  broadened  (i.e..  P(oi0)  is  a  8-function),  tuning  oib,  designated  the 
<  FWMb  response,  results  in  a  lineshape  closely  related  to  the  linear  absorption  profile.  However,  if  ihe  resonance 
is  inhomogeneously  broadened  as  is  the  contributions  from  localized  exenons,  then  the  linear  absorption  spectrum 
has  little  relation  to  the  homogeneous  lineshape.  In  this  case,  holding  u)f-cup<<r  fixed  results  in  creating 
excitons  with  energy  in  the  region  of  half  (Wf-  u>p).  The  energy  spread  is  given  by  hf  ;  i.e..  the  interference  of 
Ef  and  Ep  produces  a  spatial  modulation  of  a  spectral  hole  in  the  inhomogeneous  distribution.  Eb  only  scatters 
from  this  spatial  modulation  when  tub  is  tuned  within  the  spectral  hole.  If  x  (to  -  tu0)  is  the  complex  linear 
susceptibility  associated  with  an  excitation  at  a  specific  frequency  a>o,  then  in  a  simple  hole  burning  picture,  n  is 
easily  shown14  that  the  lineshape  function  associated  with  the  FWMb  response  in  an  inhomogeneously  broadened 
system  is  given  by: 

-  a)=  K\ld6>,,P(<0a)z(a>b  -  aJUnzfv- o>,f  (2) 

where  to  =  oif  -  u)p  and  P(toa)  is  the  distribution  function  associated  with  the  inhomogeneous  broadening. 
Spectral  diffusion  effects  are  not  included  in  this  discussion.  In  this  case,  it  can  be  shown  that  because  x  must  be 
analytic,  even  if  x  (to  -  co0)  is  asymmetric  with  respect  to  the  maximum  value  at  x  (&>o)-  Lb  (fob  -  to)  =  Lg  (to  - 
oib);  re..  Lb  must  be  symmetric.  In  the  data  below,  we  see  Lb  is  asymmetric  at  low  temperature  and  is  the  result 
expected  in  the  presence  of  spectral  diffusion. 

The  experimental  configuration  for  these  experiments  has  been  described  in  detail  elsewhere11 .  but  is 
summarized  here.  A  backward  FWM  geometry  is  used  with  two  counterpropagaung  pump  fields,  described  by 
Efftof.kf)  and  Eb(tOb.kb),  and  the  probe  field,  described  by  Ep(tOp.kp).  Phase  matching  conditions  result  in  a 
signal  field,  Es((os.ks)  which  is  counter  propagating  with  respect  to  the  probe  field.  The  forward  pump  and  probe 
fields  are  s-polanzed  while  the  backward  pump  and  signal  fields  are  p-polarized.  The  forward  pump  beam  is 
chopped  at  a  low  frequency  and  the  corresponding  signal  is  phase  sensitively  detected  and  repeated  scans  of  the 
signal  as  a  function  of  frequency  is  averaged  in  a  computer.  In  ihese  experiments,  two  of  the  frequencies  are  held 
fixed  (usually  degenerate)  while  the  third  frequency  is  tuned.  One  frequency  stabilized  cw  dye  laser  laser  is  used  io 
provide  the  set  of  fixed  frequencies  while  a  second  tunable  frequency  stabilized  laser  is  used  for  scanning  the 
remaining  frequency.  Two  acousto-opttc  modulators  driven  by  two  phase  locked  digital  frequency  synthesizers  are 
used  to  provide  fixed  frequency  offsets  between  two  different  beams  or  to  provide  tuning  in  the  1-UP  Hertz  region 
for  high  resolution  measurements. 

The  sample  consists  of  65  periods  of  96A  GaAs  wells  and  98A  Alo.3Gao.7As  bamers  grown  by  MBE 
methods  and  then  mounted  on  a  sapphire  disk  (c-axis  normal  to  avoid  birefringence  problems  and  polarization 
mixing.) 


The  first  line  shapes  we  discuss  were  obtained  at  room  temperature.  As  described  above,  the  exciton  is 
quickly  ionized,  producing  an  c-h  plasma.  Hence,  the  FWMb  response  provides  little  information  of  additional 
spectroscopic  interest  over  the  linear  absorption  spectrum.  However,  the  FWMp  response  provides  information  on 
the  e-h  plasma  dynamics,  including  e-h  recombination  and  ambipolar  diffusion,  and  is  described  by  the  line  shape 
function  Lp  given  above.  The  result  for  a  fixed  angle  between  the  forward  pump  and  probe  is  shown  in  Fig.  2. 
The  solid  line  is  a  least  squares  fit  of  Lp,  showing  a  classical  Lorentzian  line  shape,  as  expected.  The  presence  of 
ambipolar  diffusion  of  the  spatially  modulated  e-h  plasma  results  in  an  angle  dependent  decay  of  the  grating. 
Figure  3  shows  the  measured  angle  dependence,  varying  as  expected  as  sin20/2.  From  the  6=0  intercept,  we  obtain 
the  e-h  recombination  time  (5  nsec),  and  from  fitting  the  quadratic  portion  of  the  curve,  we  obtain  the  ambipolar 
diffusion  coefficient  (18cm2/sec).  These  measurements  are  in  good  agreement  with  those  reported  earlier16. 
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Figure  2:  The  FWMp  response  in  the  room  tem|>erature  GaAs  multiple  quantum  well.  The  solid 
line  is  a  Lorenizian  Hl  The  decay  rate  which  determines  the  linewidth  is  due  to  recombination  and 
ambipolar  diffusion.  The  upper  left  inset  is  a  high  resohmon  scan  of  the  FWMp  response  using 
the  method  of  correlated  optical  fields.  The  interference  dip  is  believed  due  u,  an  exenauon  induced 
shift  m  the  exciton  resonance  energy.  The  upper  right  inset  is  the  theoretical  FWMp  response 
based  on  a  phenomenological  model.  The  curves  in  the  lower  insets  represent  experiment  and 
theory  when  the  back  pump  beam  is  detuned  far  from  the  exciton  resonance  energy,  showing  the 
disappearance  of  the  interference  effect 
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Figure  3:  The  FWMp  response  as  a  function  of  angle  between  the  forward  pump  and  probe  beam 
in  the  room  temperature  GaAs  multiple  quantum  well.  The  quadratic  dependence  on  the  sin  of  the 
angle  is  due  to  ambipolar  diffusion  of  the  earners.  The  diffusion  rate  is  determined  by  the  fringe 
spacing  which  is  angle  dependent.  The  zero  degree  intercept  is  due  to  earner  recombmauon. 


To  determine  the  nature  of  dynamics  corresponding  io  lime  scales  below  I  MHz  (determined  by  interlayer 
jitter),  we  used  the  method  of  eorrclated  optical  Helds  which  enables  us  to  obtain  precision  line  shapes  bv  tuning 
one  acousto-opuc  modulator  with  respect  to  the  fixed  modulator1 7.  For  this  experiment,  one  laser  is  used,  but  tof 
an  tub  are  provided  by  ihe  first  order  Bragg  deflected  beam  of  one  fixed  ao  modulator  while  u)p  is  provided  by 
tuning  the  first  order  beam  from  the  other  modulator.  The  upper  left  inset  in  Fig,  2  shows  resultant  line  shape 
From  the  bandwidth  of  this  resonance,  u  is  clear  that  there  exists  a  component  of  the  excitation  characterized  by  a 
decay  on  die  order  of  10  nsec.  Even  more  s unking  is  the  presence  of  a  classical  interference  dip  on  the  lefi  side  of 
the  resonance.  Using  the  phenomenological  description  for  many  body  effects  given  above,  we  considered  ihc 
possibility  that  the  structure  contained  c-  or  h-iraps  lhat  were  long  lived.  Inserting  this  effect  into  simple  rale 
equations  for  the  electron  and  holes  including  only  band  filling  ellects  on  the  oscillator  strength  and  collisionaJ 
broadening  on  the  line  width,  we  easily  obtained  a  narrow  resonance  due  to  trap  dynamics  in  addition  to  the 
ordinary  resonance  due  to  free  e-h  earner  dynamics.  However,  no  interference  effect  is  obtained.  In  contrast,  when 
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a  small  shift  in  the  exciton  resonance  due  to  many  body  effects  is  included  in  the  calculation,  the  interference  effect 
ts  observed  in  the  scattering  FWM  signal,  as  shown  in  the  upper  right  inset  of  Fig.  2.  In  addition,  the  simple 
theory  showed  that  the  interference  effect  would  vanish  if  tub  was  tuned  far  away  from  0>o,  the  exciton  resonant 
frequency.  Under  this  condition,  the  lower  insets  show  agreement  between  experiment  and  the  simple  model  It  is 
important  to  note  that  the  ume  scale  and  signal  magnitude  is  also  roughly  consistent  with  a  temperature  induced 
shift  in  w0,  and  we  have  calculated  that  such  a  shift  would  also  give  rise  to  this  kind  of  profile.  However,  the 
thermal  shift  is  red  and  would  give  a  profile  reversed  from  that  in  Fig.  2. 

At  low  temperature,  the  linear  absorption  spectrum  shows  the  clearly  resolved  HH1  and  LH1  exciton 
oeaks.  HH 1  has  a  width  of  order  2  meV  and  is  inhomogeneously  broadened.  The  luminescence  shows  a  single 
emission  peak  corresponding  to  HH1  which  is  Stokes  shifted  by  an  amount  varying  between  10  ana  20  cm  *, 
depending  on  the  sample.  The  degenerate  FWM  (DFWM)  spectrum  shows  a  single  strong  resonance  also  Stokes 
shifted  by  an  amount  comparable  to  the  shift  in  the  luminescence  peak  with  a  much  weaker  nonlinear  signal  being 
obtained  at  higher  energies  near  the  HH1  and  LH1  absorpuon  resonances.  The  Stokes  shift  in  the  luminescence 
and  the  DFWM  response  suggests  that  the  cw  low  intensity  nonlinear  response  in  these  samples  is  dominated  by 
excitons  localized  by  disorder.  In  contrast  to  many  earlier  measurements,  the  exciton  density  for  these  experiments 
was  kept  very  low,  near  107  excitons/cm2/layer. 

In  a  simple  picture  of  the  exciton  dynamics,  we  would  anticipate  the  FWMp  response  would  be 
characterized  by  a  simple  Lorentzian  line  shape  corresponding  to  Lp  above  with  a  width  determined  by  the  exciton 
recombination  ume  (1-2  nsec  for  these  structures18)  along  with  contributions  from  phonon  scattering  on  the  psec 
lime  scale19.  In  fact,  Fig  4  shows  a  much  more  complicated  structure  which  was  obtained  at  5K.  The  spectrum 
shown  in  Fig.  4  is  angle  independent,  suggesting  mat  any  spatial  diffusion  corresponds  to  a  diffusion  rate  less  than 
1  cm2/sec.  The  spectrum  clearly  indicates  two  obvious  lime  scales  corresponding  to  15  nsec  and  100  psec  and 
clearly  do  not  correspond  to  the  expected  1-2  nsec  time  scale  for  recombination.  The  origin  of  the  15  nsec 
structure  is  currently  under  study  and  further  discussion  will  be  presented  elsewhere.  In  the  current  paper,  we  will 
emphasize  discussion  of  the  100  psec  structure. 


Figure  4a, b:  The  FWMp  response  in  the  GaAs  muiuple  quantum  well  at  5K.  (a)  shows  two 
major  components  to  the  spectrum  corresponding  to  decay  limes  of  order  15nsec  (the  narrow 
component)  and  100  psec  (the  broad  component).  A  high  resolution  display  of  the  central  portion 
of  the  response  is  shown  in  4b  where  a  component  corresponding  to  a  1.5  nsec  decay  is  observed. 
The  100  psec  component  is  believed  due  to  spectral  diffusion  and  the  1.5  nsec  component  is  the 
radiative  recombination  time. 


Earlier  time  domain  work  by  Hegarty  and  Sturge20  also  showed  the  presence  of  fast  decay  components 
which  they  interpreted  as  arising  from  spectral  diffusion,  i.e.,  the  scattering  of  the  exciton  at  energy  E  to  some 
energy  E‘  outside  the  bandwidth  of  the  spectral  hole  created  by  the  forward  pump  and  probe.  Indeed,  there  has  been 
recent  work  by  Takagahara21  suggesting  that  at  low  temperature,  excitons  localized  by  disorder  spectrally  diffuse 
to  different  localization  sites  by  absorpuon  and  emission  of  acoustic  phonons,  changing  their  energy  on  the  order 
of  0.0 1-0.1  me V  per  scattering  event  The  process  is  identified  as  phonon  assisted  tunneling.  In  such  a  picture,  we 
can  imagine  Ef  and  Ep  create  a  spatial  modulauon  of  the  exciton  populauon  at  energy  E  in  a  narrow  spectral  hole 
with  width  AE=Jir  within  the  inhomogeneous  broadening  profile.  The  narrow  spectral  hole  decays  at  the 
scattering  rate  from  E  to  E'.  Since  there  is  also  scattering  from  E'  to  E,  an  equilibrium  is  established  which 
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describes  the  resultant  distribution  in  energy  space  of  the  exciton  population.  This  equilibrium  distribution  also 
contributes  to  the  scattering  of  £b  but  is  characterized  by  a  decay  ume  of  the  total  exciton  population,  i  e  .  the 
recombination  time.  Such  dynamics  are  described  by  an  equauon  of  the  form22 

p(£)  =  -(r,«  +  rw  )p(E)  +  rZD //(£'->  E)p(E')dE-  (3) 

where  p(E)  is  the  density  of  excitons  at  energy  E,  yree  is  the  recombinauon  rate.  Tsd  is  the  integrated  spectral 
diffusion  rate  or  the  rate  at  which  excitons  scatter  from  energy  £->£  =  £  +  SE  and  /(£-*£')  is  the  probability 
of  scattering  from  E  to  E\  Such  a  model  is  analogous  with  the  hard  sphere  collision  model  for  velocity  changing 
collisions  in  the  gas  phase.  Analytical  solutions  assuming  f  to  be  independent  of  E'  are  easily  obtained  for 
standard  distributions  and  show  that  the  FWMp  response  has  an  additional  component  with  a  width  given  by  yrtr 
as  anticipated  based  on  physical  arguments.  The  higher  resolution  experiment,  shown  in  Figure  4b  shows  the 
expected  component  with  a  width  corresponding  to  an  inverse  decay  time  of  1 .5  nsec. 

A  more  complete  description  of  spectral  diffusion  is  had.  however,  by  making  a  direct  measurement  of  the 
exciton  scattered  from  energy  E  to  E'.  This  measurement  is  made  by  scanning  the  backward  pump.  In  the  absence 
of  spectral  diffusion,  the  FWMb  response  is  determined  purely  by  the  homogeneous  linewidih  associated  with  the 
spectral  hole  produced  by  the  forward  pump  and  probe.  Recall  from  above  (Eq.  2)  that  even  if  the  hole  were 
asymmetric,  the  FWMb  response  would  be  symmetric.  However,  excitons  produced  at  energy  E  by  the  forward 
pump  and  probe  and  scattered  to  E’=E+5E  will  result  in  a  scattering  of  the  backward  pump  beam  when  Jl(uif- 
o>b)=5E,  producing  a  lineshape  broader  than  the  homogeneous  lineshape  and  lacking  symmetry  if  the  distribution 
function  of  scattered  states,  f,  is  asymmetric.  Figure  5a  shows  the  FWMb  response  in  the  low  energy  energy 


Backward  Pump  Detuning  Frequency 

Figure  5a, b  The  FWMb  response  obtained 
28cm-1  below  absorption  line  center,  (b)  is  i 


Backward  Pump  Detuning  Frequency 


at  two  different  excitation  energies,  (a)  is  obtained 
>b tamed  5  cm1  below  line  center. 


region  of  the  absorption  spectrum,  obtained  28cm'1  below  absorption  line  enter.  The  line  shape  is  characterized 
by  a  slight  skew  to  the  high  energy  side  of  the  spectrum  as  clearly  seen  by  the  discontinuity  just  to  the  nght  of 
line  center,  but  no  large  degree  of  scattering  was  observed.  However,  the  degree  of  asymmetry  is  greatly  increased 
when  the  measurement  is  made  near  absorption  line  center  as  seen  in  Fig.  5b.  corresponding  to  greatly  increased 
scattering  leading  to  spectral  diffusion.  This  data  shows  that  indeed  the  excitons  are  scattering  to  different  energy 
states,  and  that  the  degree  of  scattering  depends  strongly  on  the  excitation  energy. 

Further  confirmation  of  the  mechanism  of  exciton  spectral  diffusion  is  had  by  comparing  the  analytical 
prediction  of  Takagahara  with  the  experimentally  determined  tunneling  rate  as  a  function  of  temperature.  Figure  6 
shows  the  FWMf  response  as  a  function  of  temperature  for  two  different  excitation  energies.  (The  FWMf  response 
rather  than  the  FWMp  response  was  used  to  reduce  contributions  to  the  response  from  the  homogeneous  line 
width,  an  effect  which  must  be  considered  when  the  dephasing  rate  is  comparable  to  the  excitation  decay  rate.  The 
interference  creates  an  uncertainty  of  at  most  a  factor  of  2  in  the  overall  rate  constants  which  are  measured1 3  .)  As 
predicted,  the  tunneling  rate  varies  as  expfBT1-6)  as  seen  by  the  solid  line  fit  of  this  function  to  the  data,  where  B 
depends  on  the  excitation  energy.  The  inset  shows  a  rapid  increase  of  the  tunneling  rate  when  the  exciton  energy 
approaches  the  absorption  line  center.  The  behavior  is  consistent  with  the  assignment  of  the  absorption  line 
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Figure  6  The  measured  exciton  spectral  diffusion  rate  as  a  function  of  temperature  for  two  different 
excitation  energies.  Circles  and  crosses  are  data  obtained  at  1.5  meV  and  0.6  meV  below  lute  center 
respectively.  The  solid  curves  are  a  fit  of  the  theory  for  phonon  assisted  tunneling.  The  inset 
shows  the  energy  dependence  of  the  exciton  decay  rate  at  10  K.  The  dash  line  is  only  a  guide  to 
the  eye. 


center  as  the  exciton  mobility  edge.  At  higher  temperatures,  above  20K.  we  show  m  independent  measurements 
made  in  the  time  domain  that  thermal  activation  dominates  phonon  assisted  tunneling,  in  agreement  with 
expectations. 

In  summary,  we  have  examined  the  dynamics  of  excitons  in  room  temperature  and  low  temperature  GaAs 
multiple  quantum  wells.  Using  a  new  kind  of  frequency  domain  nonlinear  laser  spectroscopy  we  have  been  able 
to  make  the  first  demonstration  of  phonon  assisted  tunneling  in  these  structures.  In  addition,  using  the  precision 
frequency  domain  capability  of  this  method,  we  have  also  been  able  to  make  a  direct  measurement  of  the  excitation 
lineshape  which  provide  information  on  the  redistribution  kernel  associated  with  spectral  diffusion. 

This  work  has  been  supported  by  the  U.S.  Army  Research  Office  and  the  Air  Force  Office  of  Scientific 
Research. 
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We  report  the  results  of  a  theoretical  study  of  line  shapes  obtained  in  frequency-domain  four- 
wave  mixing  in  systems  inhomogeneously  broadened  due  to  random  fields  in  the  presence  of  spectral 
diffusion.  The  results  are  based  on  a  solution  of  the  modified  optical  Bloch  equations  solved  pertur- 
batively  to  third  order  in  the  applied  optical  fields,  assuming  a  strong  redistribution  model  for  the 
spectral  diffusion.  The  '.suits  that  the  redistribution  of  excitation  can  be  directly  observed  in 
the  line-shape  function  and  can  also  lead  to  the  presence  of  interference  effects  in  the  line  shape. 


I.  INTRODUCTION 

Coherent  nonlinear  optical  spectroscopy  has  provided 
a  convenient  method  for  studying  complex  relaxation  in 
materials.  Transient  spectroscopy  methods  such  as 
time-resolved  absorption  and  photon  echoes  have  been 
commonly  used  in  part  because  of  the  apparent  ease  in 
interpretation  of  experimental  results.  However, 
frequency-domain  four-wave  mixing  (FWM)  has  also 
been  shown  to  be  a  powerful  method  for  such  studies,1 
and  in  some  systems  can  provide  information  more  easily 
than  time  domain  methods.  Line  shapes  obtained 
through  frequency-domain  FWM  can  provide  detailed  in¬ 
formation  about  energy  relaxation  comparable  to  classi¬ 
cal  transient  absorption  spectroscopy  as  well  as  eliminate 
inhomogeneous  broadening  due,  for  example,  to  random 
crystal  fields  and  provide  a  direct  measure  of  the  homo¬ 
geneous  line  shape  of  the  excitation.  The  latter  measure¬ 
ment  is  similar  to  dephasing  measurements  using  tran¬ 
sient  FWM  or  photon  echoes.  In  the  frequency-domain 
measurements,  since  the  measurement  is  performed  in  en¬ 
ergy  space,  the  line  shape  is  very  sensitive  to  relaxation 
processes  involving  energy  shifts  of  the  excitation  (re¬ 
ferred  to,  in  general,  as  spectral  diffusion).  Such  results 
were  recently  demonstrated  in  measurements  of  spectral 
diffusion  due  to  phonon-assisted  migration  of  localized 
excitons  in  GaAs/Al, -^Ga* As  multiple-quantum-well 
structures.2 

The  physical  mechanisms  of  spectral  diffusion  depend 
on  the  specifics  of  the  system  under  study.  For  example, 
spectral  diffusion  can  be  induced  by  relatively  slow  envi¬ 
ronmental  fluctuations,  such  as  observed  in  glasses5  4  and 
in  some  crystals  due  to  spin  flips  of  neighboring  sites.' 
Alternatively,  for  impurity-doped  crystals,  spectral 
diffusion  can  be  a  result  of  energy  exchange  between  ions 
at  different  sites.6  Similarly,  excitons  in  quantum-well 
structures  can  be  localized  in  islands  formed  during  the 
growth  process  where  migration  of  these  excitons  among 
localization  sites  also  results  in  spectra!  diffusion.7  In 
general,  the  microscopic  description  of  the  spectral 
diffusion  process  is  based  on  statistical  assumptions  re¬ 
garding  the  energy-shift  process,  and  is  a  rather  difficult 
task  as  is  shown  by  the  pioneering  work  of  Klauder  and 
Anderson.8 
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The  physical  basis  that  is  presented  in  many  dis 
sions  of  relaxation  of  optically  excited  systems  is  o 
based  on  the  optical  Bloch  equations  for  two-level 
terns. 15  In  this  model,  the  system  is  characterized 
two  relaxation  parameters:  a  decay  time  for  relaxatic 
the  macroscopic  polarization  (the  7\  or  transverse  r 
ation  time,  commonly  called  the  dephasmg  time)  ai 
decay  time  for  relaxation  of  the  excitation  (the  T.  or 
gitudinal  relaxation  time).  The  model  is  based  on 
Bloch  equations  for  spin-relaxation  studies  by  nui 
magnetic  resonance;  however,  it  was  recognized  very 
ly  that  relaxation  even  in  these  systems  is  generally  r 
complex.10  Theoretical  work  extended  the  discussic 
relaxation  to  a  more  general  reservoir  of  optically  exi 
systems."  The  inadequacy  of  the  simpler  models  wa 
cently  experimentally  demonstrated  in  the  extensive  v 
of  Devoe  and  Brewer.12  Their  classic  experiments  on 
polarization  decay  in  Pr  ions  in  the  impurity-ion 
tal  PrJ~:LaFj  showed  that  the  presence  of  spe 
diffusion  resulted  in  the  breakdown  of  the  convent 
optical  Bloch  equations.13  In  this  system,  spe 
diffusion  is  due  to  transition-frequency  changes  ot 
Pr’+  ions  arising  from  fluorine  nuclear  flip-flops.  Si 
quent  studies  by  Szabo  and  Muramoto  have  confi: 
similar  observations  in  Cr3_f  :A1;03. 14 

Several  theoretical  models  were  developed  with  thi 
of  describing  optical  interactions  in  these  kinds  o! 
terns.  Of  interest  in  the  current  work  is  the  study  of 
of  modified  optical  Bloch  equations  (MOBE)  deve, 
by  modeling  the  frequency  change  as  a  Markovian 
cess.15  These  equations  can  be  generalized  to  des 
other  types  of  spectral  diffusion  processes,  sue 
transfer  of  the  excitation  among  neighboring  site: 
cussed  above.  The  MOBE  equations  resemble  the  t 
port  equations  used  to  characterize  collision  proces 
atomic  vapor15  since  the  energy-shift  process  is  anal, 
to  the  change  of  the  Doppler-shifted  atomic  tran 
frequency  induced  by  velocity-changing  collisions, 
collisions  in  gas  phase  systems  result  in  a  redistnbut 
the  emitted  radiation,16  while  in  solids,  a  similar  efl 
observed  in  the  broadening  of  the  luminescence  spe< 
due  to  spectral  diffusion.  The  purpose  of  this  pape 
explore  solutions  to  the  MOBE  in  order  to  undet 
qualitatively  the  effects  of  spectral  diffusion  on  th 
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shapes  in  frequency-domain  FWM. 

Without  loss  of  generality,  we  assume  a  backward 
FWM  configuration  (see  Fig  1)  where  two  counterpro- 
pagating  pump  beams  E,(k,,ft/)  and  Ep(k„.ft(,i  i/and  b 
stand  for  forward  and  backward  pump,  respectively'  in¬ 
teract  with  a  probe  beam  E,*k.,ilJ  in  the  sample  with 
Ey 'iEpiEj,  through  the  resonant  third-order  susceptibili¬ 
ty  to  generate  a  coherent  signal  beam  Es(k,,n,).  Spec¬ 
troscopic  information  related  to  relaxation  rates  and 
energy-level  structure  of  the  resonant  system  is  obtained 
by  measuring  the  signal  as  a  function  of  the  frequency  of 
any  of  three  input  beams.  The  resultant  line  shape  is 
designated  by  FWM/,  where  /  stands  for  f,p,b  depending 
on  which  beam  is  tuned.2  In  general,  FWM/?  and  FWM / 
line  shapes  provide  a  measure  of  energy  relaxation  similar 
to  transient  absorption  measurements,  while  FWM6  line 
shapes  eliminate  the  effects  of  inhomogeneous  broadening 
and  provide  information  on  the  homogeneous  line  shape 
and,  as  we  discuss  below,  on  the  spectral  redistribution  of 
the  excitation. 

The  paper  is  organized  as  follows:  In  Sec.  II  we  discuss 
the  modified  optical  Bloch  equations  for  a  two-level  sys¬ 
tem  solved  perturbatively  to  third  order  in  the  applied 
optical  fields.  The  system  undergoes  spectral  diffusion  by 
excitation  transfer  to  neighboring  sites.  This  model  may 
provide  insight  into  potential  experiments  in  impurity- 
doped  crystals  and  is  also  analogous  to  the  model  of  mi¬ 
gration  of  localized  excitons  in  a  quantum-well  struc¬ 
ture.7  In  Sec.  Ill  we  consider  effects  of  the  excitation 
redistribution  on  the  FWMb,  FWM/,  and  FWM/?  line 
shapes,  respectively.  In  the  absence  of  spectral  diffusion, 
we  show  that  the  FWMf?  line  shape  is  symmetric  with 
respect  to  the  peak  of  the  nonlinear  response.  Our  calcu¬ 
lation  further  shows  that  asymmetries  in  the  FWMf?  line 
shape  can  be  a  signature  of  the  presence  of  spectral 
diffusion  and  can  provide  a  direct  measure  of  the  spectral 
redistribution  of  the  optical  excitation.  In  addition,  spec¬ 
tral  diffusion  also  leads  to  multiple  decay  components  ir. 
FWM/  and  FWM/?  line  shapes,  and  results  in  interfer¬ 
ence  line  shapes  in  most  cases.  The  appearance  of  the  in¬ 
terference  line  shape  is  shown  to  be  associated  with  a  pre¬ 
ferred  energy-transfer  direction.  In  general.  FWM/  and 
FWM/?  responses  can  provide  information  on  the  spectral 
diffusion  rate  and  the  spontaneous  emission  rate  of  the 
excited  states. 


FIG  1.  Energy-level  diagram  for  a  two-level  system,  and 
configuration  for  backward  four-wave  mixing 


II.  MODEL 

A  simple  two-level  system  whose  relaxation  is  charac¬ 
terized  by  spontaneous  emission  of  the  excited  xtate  to 
the  ground  state  is  shown  in  Fig.  1.  The  resonant  fre¬ 
quency  of  the  system  is  w.  The  interaction  of  the  system 
with  radiation  fields  is  then  described  by  the  following 
density-matrix  equatir-  assuming  a  classical  representa¬ 
tion  for  the  optical  fie  I, 

/fi  JyPi  '  I'P:  |itu»  —  c.c.  ]  J-i^*/s^?;v  u‘  ,  1 

i  —  c.c.  ]  —  u? 1  .  2- 


where  p,/a>)  is  the  usual  population  density-matrix5  ele¬ 
ment  for  systems  with  a  resonant  frequency  to,  and  v\p  is 
the  spontaneous  emission  rate.  V  =  —  pE  is  the  interac¬ 
tion  Hamiltonian  with  p  the  dipole  moment  (assumed  to 
be  real),  and 

E=i  2  E.expl ikj  x  -ifljt)- t-c.c. 

i 

is  summed  over  all  applied  electric  fields.  These  equa¬ 
tions  take  into  consideration  pure  dephasmg  of  the  opti¬ 
cally  induced  coherence  by  letting  the  dephasmg  rate 
y  =  yy5p  +  yph,  where  yph  is  the  pure  dephasmg  rate,  due. 
for  example,  to  elastic  scattering.  The  FWM/  line  shape 
obtained  in  systems  described  by  these  equations  has  been 
discussed  elsewhere.18 

To  develop  a  qualitative  understanding  of  the  effects  of 
spectral  diffusion  on  the  FWMi  response,  we  use  a  simple 
model  based  on  the  modified  optical  Bloch  equations 
developed  by  Berman.13  The  model  allows  transfer  of  the 
excitation  at  an  individual  site  to  neighboring  sites 
through  the  intersite  interaction  (such  as  dipole-dipole  in¬ 
teraction).  In  this  model,  there  is  also  the  constraint  that 
the  system  is  quantum-mechanically  closed,  t.e.,  the  prob¬ 
ability  that  an  atom  is  in  the  ground  or  the  excited  state 
is  unity.  This  leads  to  the  condition  puia?i 
+  /?,,( w)  =  G<£i?)  where  G(ai)  is  the  density  of  atoms  at 
frequency  a>.  Such  a  model  is  related  to  the  problem  of 
excitation  transfer  between  ions  embedded  in  a  crystal. |u 
or  energy  migration  of  localized  excitons  in  semiconduc¬ 
tor  heterostructures.20  In  addition,  the  excitation 
transfer  is  likely  to  be  associated  with  emission  or  absorp¬ 
tion  of  thermal  phonons  to  compensate  for  the  energy 
difference.  In  this  case,  at  the  new  site,  the  excitation 
transfer  does  not  induce  a  superposition  state  of  the 
ground  and  excited  state  that  is  coherent  with  the  input 
fields.  Hence,  for  the  off-diagonal  matrix  elements  relat¬ 
ed  to  the  optical-induced  coherence,  the  transfer  process 
results  only  in  additional  dephasmg.  The  corresponding 
equations  of  motion  for  the  population  density  matrix 
have  the  form 
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ifi-~-p^(u>)  —  —  [  L’p:i(w)—  c.c. 
dr  " 


—  ifi[  ysp  +  T to  )  ]p2:(  to  > 
+mf  ^,,1  co\a>  )p22l  to'  Idco’ 


14) 


ifi— pP(u  )=  Ffp-vdtu)  —  Pj  (i  ce> )] 

at 


—  htopr_ito)  —  ift[  y  +  r(:(a()]p,2(tji  , 


(5) 


where  H/,-,(<y,cu’)  is  the  redistribution  kernel  representing 
the  rate  for  population  in  state  .2)  to  be  transferred  from 
a  site  with  resonant  frequency  to  to  sites  with  resonant 
frequency  to’,  and  r\,(w)  =  (tj .to'ldto'  is  the  overall 

spectral  diffusion  rate.  rt;(a>)  is  the  dephasing  rate  of 
systems  with  resonant  frequency  to  due  to  spectral 
diffusion.  The  equation  for  pn  follows  from  Eq.  (4)  and 
the  earlier  constraint  forpn(a>)+p;;(<u). 

To  obtain  an  analytical  solution  for  the  frequency- 
domain  FWM  line  shapes,  we  further  simplify  the  MOBE 
by  using  a  strong  redistribution  model  for  the  spectral 
diffusion  process.21  In  this  model,  the  kernel  is  indepen¬ 
dent  of  the  resonant  frequency  of  the  initial  site, 
W22ico,to')  =  r Flu'),  with  Flto)  satisfying  f dtoF Wu)=l, 
and  T  is  the  overall  spectral  diffusion  rate  for  the  excited 
state.  In  this  limit  •  r22<w)  =  T,  and  each  transfer,  on 
average,  leads  to  a  complete  redistribution  of  the 
excited-state  population.  The  scattering  giving  rise  to 
spectral  diffusion  also  contributes  to  the  dephasing  at  a 
rate  we  designate  by  r,2(<u).  For  the  qualitative  discus¬ 
sions  of  this  work,  we  set  ri:(«)=r/2  (recall,  the  cou¬ 
pling  giving  rise  to  spectral  diffusion  may  also  lead  to 
pure  dephasing  effects  that  would  be  included  in  yph). 
Under  the  above  assumptions,  the  much  simplied  MOBE 
has  the  following  form: 


ifi-^p22(to)  =  —  {  Fp,,( w)— c.c.  ]  —  r y}<  ysp  +  T  )p22(a>) 
+  ifif  Fito)  f p22(to)dto  ,  (6) 


p12lu>)  —  V[2p2:laj  )  —  G  t(ui] 


—  flu pi:l  u )  —  ifiy,p,:i  a  i  ,  T 

where  y,  =  }'sp/2 ~  F /2  yph  is  the  total  dephasing  rate. 
Although  the  solution  to  the  MOBE  depends  on  the 
specifics  of  the  kernel  and  the  assumptions  we  have  made 
here,  we  expect  the  FWM  line  shapes  obtained  based  on 
these  equations  to  reflect  the  qualitative  feature  of  the 
line  shapes  in  more  complicated  systems  We  also  note 
that  the  deviation  of  the  MOBE  from  the  density-matrix 
equation  of  a  simple  two-level  system  occurs  only  in  the 
equation  for  the  diagonal  matrix  element.  Hence,  the 
linear  absorption  of  the  system,  which  is  associated  with 
the  first  order  off-diagonal  matrix  element,  does  nor  pro¬ 
vide  any  information  on  the  redistribution  kernel  and  a 
higher-order  optical  probe  is  required  to  examine  these 
effects. 

To  obtain  the  frequency-domain  FWM  line  shapes,  we 
solve  the  MOBE,  in  the  rotating  wave  approximation,  us¬ 
ing  perturbation  theory  to  third  order  in  the  applied  opti¬ 
cal  fields.  The  effect  of  inhomogeneous  broadening  is  in¬ 
cluded  in  the  equation  by  assuming  a  frequency- 
dependent  zeroth-order  population  p  °'(£u)  =  G(cu).  In  the 
scalar  approximation  for  the  optical  fields,  the  third- 
order  nonlinear  polarization  is  then  given  by 

P'*'  —  J  dco  p[p2\\to)  +  c.c.  ]  .  (8) 

The  third-order  off -diagonal  matrix  element  for  a  signal 
nearly  counterpropagating  to  the  probe  (proportional  to 
EfE*Eb)  giving  rise  to  the  third-order  nonlinear  polar¬ 
ization  of  interest  follows  from  the  general  perturbation 
sequence: 


ErE: 

1 1 1 

P 12 

ElE< 

p'.v 

Ut 

<  1 J 

Pl\ 

riV 

Assuming  the  system  is  dilute,  i.e.,  ignoring  interactions 
between  the  resonant  systems,22  p\\  is  given  by  (sec  Ap¬ 
pendix  A  for  brief  outline  of  derivation): 


p'2\ '( oi )  =  —  2 


JL 

2  fi 


GUo) 


^E/^expl.Tk,  *k„-kp  i-x-tn,/) 
1  1 


1 


1 


ft, -&»  +  />,  A/pmt(r  +  ysp) 

if 


-iy,  ilp  —  oj  —  i  y ,  2s,  +iy 


Fi(j)[  A  (ft. )-  ,4*(ft  )] 


1 10) 


where  ply  —  p*.  ft,  —  ft^-  +  ft,,  —  ftp  is  the  signal  frequency, 
and  =ft,  —  ft;  with  i,j~f,b,p.  A  (ft)  is  given  by 


A  (ft)=  f 


1 


ft  —  o)  +  /  y 


-G  Uo  Id  to 


(ID 


The  imaginary  part  of  the  A  ( ft)  is  related  to  the  inhomo¬ 
geneous  linear  absorption  profile  of  the  system  and  the 
real  part  corresponds  to  the  dispersion.  Note  that  in  the 
usual  case  where  GUo)  is  taken  to  be  a  Gaussian,  the  in- 


i - - 

tegral  reduces  to  the  familiar  plasma  dispersion  func¬ 
tion.23  In  the  limit  that  the  width  of  the  Gaussian  is  large 
compared  to  y,,  A  (ft)  =  /  v  7rln2<V /Ao>mh  for  ft  near  the 
center  frequency  of  G(«)  where  .V  is  the  density  of  atoms. 
As  discussed  in  Appendix  A,  we  have  included  only  those 
terms  that  are  proportional  in  second  order  to  <£.£/' 
where  either  field  can  act  in  perturbation  in  either  first  or 
second  order.  Second-order  terms  proportional  to 
(£fc£p*!  have  been  excluded  because  we  have  chosen 
EpiEft  and  in  materials  of  interest,  contributions  to  the 
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nonlinear  response  from  these  terms  is  usually  small 
(Experimentally,  this  is  easily  verified  by  showing  that  the 
third-order  nonlinear  response  obtained  when  all  fields 
are  copolarized  is  large  compared  to  the  measured 


response  when  the  probe  polarization  is  orthogonal  to  the 
copolanzed  pump  beams.) 

The  corresponding  third-order  polarization  follows 
from  the  integral  in  Eq. 


i  |J 


-2 n  1-^ 

^  I  2* 


X 


£.£*£hexp[itk.  t}- - : - - 

•'  "  '  A.r-e,tr^-r 


-*sp  -'ll  '*>/ 


(ft.  i-  .4111,  1 1 


■gift, ) [  .4  ( n ,  )-  .4  *< ) j  I  -c.c. 


where  Q  ( )  is  related  to  the  redistribution  kernel  by 
1 


g(fts)  =  f  - - — —Fiojtdcj  . 

J  A.-cj-fiy, 


1 13) 


Again,  it  is  useful  to  note  that  if  £(<y)  is  taken  to  be  a 
Gaussian,  0(H)  is  related  to  the  plasma  dispersion  func¬ 
tion. 

In  a  more  rigorous  discussion,  spectral  diffusion  due  to 
intersite  energy  transfer  is  also  accompanied  by  a  corre¬ 
sponding  change  in  location  of  the  excitation.  However, 
if  the  effective  mean  free  path  for  excitation  transfer  is 
small,  then  the  effect  would  be  described  by  a  spatial 
diffusion  process.  Since  we  have  assumed  that  the  optical 
coherence  is  destroyed  by  the  transfer  process,  this  effect 
can  be  phenomenologically  included  as  a  spatial  diffusion 
decay  term  in  the  equations  for  p„,  and  the  decay  rate  is 
given  by  rd=4--D/,\:  where  D  is  the  diffusion 
coefficient  and  A  is  the  spatial  period  of  the  modulation. 
For  the  purposes  of  this  discussion,  this  effect  is  not  con¬ 
sidered. 

III.  DISCUSSION  OF  FWM  LINE  SHAPES 

The  generation  of  the  nonlinear  signal  can  be  associat¬ 
ed  with  a  simple  physical  picture.  The  forward  pump 
and  prooe  interfere  in  the  sample  to  form  a  spatial  and 
temporal  modulation  of  the  ground-state  as  well  as 
excited-state  population.  This  modulation  further  results 
in  a  modulation  of  the  optical  absorption  and  dispersion. 
The  backward  pump  Bragg  scatters  off  this  modulation 
and  produces  a  signal  beam  with  frequency 
ft,  +Q(,  —  ft.,.  From  a  solution  to  Maxwell's  equa¬ 
tions,  it  is  easily  seen  that  the  signal  propagates  in  a 
direction  determined  by  the  phase-matching  conditions 
which  for  the  simple  case  of  degenerate  FWM  are  given 
by  k,  =kA+k|—  kp.  For  small-frequency  detunings  or 
thin  samples,  the  phase  mismatch  that  occurs  for  nonde¬ 
generate  beams  is  small  and  does  not  effect  the  spectro¬ 
scopic  line  shapes.  In  the  limit  that  all  fields  are  weak 
and  there  is  no  depletion  of  any  of  the  applied  fields,  the 
nonlinear  signal  is  then  simply  determined  by  a  solution 
of  the  appropriate  wave  equation  where  the  nonlinear  po¬ 
larization  is  the  source  term.  The  nonlinear  signal  is  then 
simply  proportional  to  P‘  ’’(ft,  )r. 

With  the  exception  of  the  last  term,  Eq.  (I2l  is  nearly 


identical  to  the  results  obtained  for  the  simple  two-level 
system  discussed  earlier. 18  The  resonant  denominator 
[£,.+/(}'  -t-D]'1  in  Eq.  (12)  arises  in  the  calculation 


of  p:V  —  p'iV-  The  width  of  the  denominator  is  determined 
by  decay  dynamics  of  the  excitation  modulation,  and  in¬ 
cludes  an  additional  contribution  from  spectral  diffusion. 
The  resonant  denominator  associated  with  2y,  represents 
the  familiar  hole-burning  resonance  that  occurs  when  the 
signal  is  resonant  with  the  dipole  excited  by  £/£/  (i.e., 
when  ft,  =ftp  ),  and  also  shows  an  additional  broadening 
due  to  the  dephasing  that  occurs  through  spectral 
diffusion.  The  term  inversely  proportional  to  is  not 
singular,  but  rather  goes  to  0  in  the  limit  of  Asf  =0.  Note 
that  contributions  from  this  term  are  negligible  in  the 
limit  of  strong  inhomogeneous  broadening  when  the  de¬ 
tuning  A ,}  is  small  compared  with  the  inohomogeneous 
width. 

The  last  term  in  Eq.  (12)  is  not  present  in  the  earlier 
calculation  and  is  the  result  of  spectrally  diffused  excita¬ 
tion.  It  is  proportional  to  T  and,  because  of  the  strong 
redistribution  assumption,  is  also  proportional  to  gift,), 
which  is  related  to  the  redistribution  kernel.  In  general, 
due  to  the  resonant  enhancement  which  occurs  when  the 
signal  is  resonant  with  the  optical  transition,  as  reflected 
by  the  denominator  (ft,  —  co  +  iy, )~ 1  in  Eq.  (10),  the  dom¬ 
inant  contribution  to  the  nonlinear  response  comes  from 
systems  that  are  resonant  with  the  signal.  Hence,  we  see 
that  even  though  the  excitation  has  scattered  by  spectral 
diffusion  to  other  frequency  groups,  there  is  a  strong  con¬ 
tribution  to  the  polarization  when  ft,  is  near  the  max¬ 
imum  of  g. 

We  first  discuss  the  FWMfr  line  shape.  In  this  mea¬ 
surement,  E/E*  (with  ft/-ftpl  «}\p)  excites  a  narrow 
spectral  hole  in  the  sample  about  the  excitation  energy 
with  a  width  A  =  2 fiy,.  The  FWMb  line  shape  is  obtained 
by  measuring  the  nonlinear  signal  as  a  function  of  the  fre¬ 
quency  of  the  backward  pump  beam.  This  measurement 
is  analogous  to  the  cw  hole-burning  measurements  and  is 
closely  related  to  standard  transient  FWM  experiments. 
The  FWMA  signal  includes  contributions  from  both  real 
and  imaginary  parts  of  the  nonlinear  response. 

Compared  to  earlier  work  in  the  absence  of  spectral 
diffusion,18  the  FWMb  line  shape  is  significantly  modified 
by  the  presence  of  the  spectral  diffusion  process.  In  the 
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absence  of  spectral  diffusion,  the  FWM6  line  shape  sim¬ 
ply  reflects  the  details  of  the  hole  excited  by  E/E*.  The 
line  shape  reduces  to  a  simple  Lorentzian  with  a  width 
twice  the  homogeneous  width.  In  the  presence  of  the 
spectral  diffusion,  the  hole  excited  by  EfE*  diffuses  in 
energy  space  resulting  in  a  spectral  redistribution  of  the 
excitation.  Since  tuning  flfe  effectively  changes  fl,,  the 
FWM6  response  provides  a  direct  measure  of  the  spectral 
redistribution  of  the  excitation,  as  determined  by  Q  <  O). 
In  particular,  with  the  strong  redistribution  model,  the 
contribution  to  the  FWMb  response  due  to  spectral 
diffusion  is  proportional  to  the  convolution  of  the  homo¬ 
geneous  response  with  the  redistribution  kernel. 


Backward-Pump  Detuning 


Backward-Pump  Detuning 

FIG.  2.  FWM6  responses.  All  the  frequency  and  decay  rates 
are  normalized  to  the  spontaneous  emission  rate  <a)  I~  =  2, 
<ia)„,b  =  1000,  A(uf,  =  4,  11,,  —  <u,„h=  —  100,  and  11.  — <u.,=  3.  where 
w„,h  and  A<umh  are  the  center  and  width  of  the  inhomogeneous 
distribution,  respectively,  and  <u,,  and  <W,  are  the  center  and 
width  of  the  redistribution  kernel,  respectively.  The  line  shape 
is  asymmetric  signaling  the  effects  of  spectral  diffusion,  i b i 
r  —  1  5 ,  Y<u„lh  =  1000,  Aa>,,  =  400,  11,  —  (ulllh  =  —  100,  and 

11„  —  ru„=750.  The  line  shape  reflects  a  direct  measure  of  the 
steady-state  redistribution  of  the  optical  excitation  In  hoth 
figures,  dashed  lines  represent  contribution  to  the  nonlinear 
response  due  to  the  hole-burning  effects. 


Figure  2  shows  two  typical  FV,  \\b  imc  shapes  ,  n. 
tamed  by  assuming  a  Gaussian  distribution  for  b-uh  the 
strong  distribution  kernel  and  the  inhomogeneous  distri¬ 
bution.-4  Figure  2  ai  corresponds  to  a  kernel  where  the 
peak  of  the  kernel  is  very  close  to  the  initial  excitation  en¬ 
ergy.  The  line  shape  is  asymmetric,  a  direct  result  of 
spectral  diffusion.  The  asymmetry  is  associated  with  a 
preferred  energy-transfer  direction.  Since  the  width  of 
the  kernel  here  is  on  the  same  order  of  magnitude  as  the 
homogeneous  width  of  the  system,  it  is  difficult  to 
separate  contributions  to  the  nonlinear  line  shape  due  to 
spectral  diffusion  from  those  contributions  resulting  from 
hole  burning.  In  this  case,  spectroscopic  information, 
such  as  the  homogeneous  width  of  the  system,  can  be  ex¬ 
tracted  only  with  an  assumption  of  the  functional  form 
for  the  redistribution  kernel.  Figure  2  bi  corresponds  to 
a  kernel  where  the  peak  of  the  redistribution  function  is 
far  from  the  excitation  energy,  and  the  width  of  the  redis¬ 
tribution  function  is  much  larger  than  the  homogeneous 
width  of  the  system.  The  narrow  peak  around  zero  de¬ 
tuning  is  the  result  of  spectral  hole  burning  while  the 
broad  peak  in  the  line  shape  represents  the  spectral  redis¬ 
tribution  of  the  excitation  created  about  the  forward 
pump  frequency.  The  dashed  line  in  both  figures 
represents  the  hole  created  by  the  forward  pump  and 
probe  and  the  FWMb  response  without  the  contribution 
from  diffused  excitation.  The  backward  pump  detuning 
is  measured  with  respect  to  the  forward  pump  and  probe 
frequency,  fl,,  —  fly. 

Analytical  solutions  to  the  MOBE  without  assum.ng 
that  the  redistribution  kernel  is  independent  of  the  initial 
state  are  very  difficult  to  obtain.  However,  we  expect 
that  the  FWMh  response  in  general  contains  contribu¬ 
tions  from  excitations  that  have  spectrally  diffused  as  well 
as  contributions  due  to  spectral  hole  burning.  In  particu¬ 
lar,  in  the  limit  that  the  homogeneous  width  is  small 
compared  with  the  characteristic  width  of  the  redistribu¬ 
tion  kernel,  the  FWMfe  response  directly  maps  out  the 
steady-state  spectral  redistribution  of  the  excitation. 

The  asymmetry  seen  in  Fig.  2  is  associated  with  the 
presence  of  spectral  diffusion,  however,  it  is  interesting  to 
consider  whether  the  FWMh  line  shape  can  be  asym¬ 
metric  in  the  absence  of  spectral  diffusion.  In  general,  m 
the  absence  of  any  spectral  diffusion  process,  the  non¬ 
linear  polarization  of  interest  is  proportional  to  the  fol¬ 
lowing  function: 

P  *  ( ft, )  —  K  J dcjG\oj)f(  n!,w)lm[/ ( ft.y  >]  —  c  c.  . 

T4t 

where  K  is  a  constant.  =  fl,,.  and  fl,  =H,. 

/in  ,wl  is  the  complex  optical  response  for  a  system  with 
resonant  frequency  o>,  and  the  imaginary  part  of /<  ll.oi 
represents  the  homogeneous  line  shape  of  the  system. 
For  n  near  the  center  of  GWj>  and  tn  the  limit  that  the 
system  is  strongly  inhomogeneously  broadened,  the  non¬ 
linear  response  is  due  to  spectral  hole  burning,  and  G  w.>' 
can  be  treated  as  a  constant  inside  the  integral  The 
FWMfe  hne  shape  is  then  determined  solely  by  the  homo¬ 
geneous  line  shape.  Furthermore,  assuming  the  lint- 
shape  of  the  optical  response  function  is  independent  of 
the  resonant  frequency  of  the  system  and  using  the 
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causality  requirement  of  the  response  function,  it  can  be 
shown  (see  Appendix  B)  that  the  FWMh  line  shape  is  a 
symmetric  function  of  the  detuning  Abp,  regardless  of 
whether  the  homogeneous  line  shape  of  the  system  is  sym¬ 
metric  or  asymmetric.  Hence,  the  experimental  observa¬ 
tion  of  asymmetry  in  the  FWMb  line  shape  is  indeed  a 
likely  indication  of  the  presence  of  spectral  diffusion. 

Spectral  diffusion  processes  can  clearly  complicate  the 
extraction  of  spectroscopic  information  such  as  the 
homogeneous  width  and  the  spectral  diffusion  rate  from 
the  FWM  line  shapes,  especially  when  the  characteristic 
width  of  the  redistribution  kernel  is  comparable  with  the 
homogeneous  width  of  the  system.  Within  the  strong 
redistribution  model,  this  is  primarily  due  to  the  change 
of  the  signal  frequency  when  the  frequency  of  only  one 
beam  is  tuned.  This  type  of  complication  can  be  avoided 
by  scanning  the  frequencies  of  two  input  beams  simul¬ 
taneously.  Similar  to  the  FWMb  response,  we  can  scan 
Dp  and  ft/fiy  =sflp)  while  we  keep  fl,,  fixed,  and  we 
designate  the  line  shape  obtained  as  FWMb'.  In  the 
FWMb  measurements,  we  create  an  excitation  modula¬ 
tion  at  a  specific  frequency  and  probe  the  subsequent 
steady-state  spectral  redistribution  of  the  excitation.  In 
contrast,  the  FWMb'  response  measures  the  nonlinear 
signal  at  a  fixed  frequency  as  a  function  of  the  initial  exci¬ 
tation  frequency.  In  the  absence  of  spectral  diffusion  the 
FWMb  and  FWMb'  measurements  are  equivalent.  In  the 
limit  of  the  strong  redistribution  model,  the  spectral 
diffusion  process  is  independent  of  the  initial-state  fre¬ 
quency;  therefore  the  contribution  due  to  spectral 
diffusion  remains  constant  in  the  FWM6'  response, 
which  also  enables  us  to  measure  the  homogeneous 
response  of  the  system  through  hole-burning  effects.  This 
difference  results  from  the  fact  that  the  forward  pump 
and  probe  act  in  first  and  second  order  in  perturbation, 
before  the  effects  of  spectral  diffusion,  while  the  back¬ 
ward  pump  acts  in  third  order.  Physically,  in  the  strong 
redistribution  model,  spectral  diffusion  to  any  one  fre¬ 
quency  (say,  a>  —  Hb)  is  independent  of  the  excitation  fre¬ 
quency.  Hence,  the  effect  of  spectral  diffusion  on  the 
FWM6'  response  is  to  simply  add  an  offset  to  the  signal 
that  is  independent  of  forward  pump  and  probe  frequen¬ 
cies.  It  is  interesting  to  note  here  that  if  the  FW'Mb'  line 
shape  shows  a  frequency  dependence  in  the  offset,  then  it 
is  quite  likely  that  the  strong  spectral  redistribution  as¬ 
sumption  is  not  appropriate.  Hence,  both  measurements 
are  important  in  order  to  complete  the  understanding  of 
the  FWM  line  shapes. 

The  presence  of  spectral  diffusion  also  greatly  changes 
the  FWM/  and  FWMp  line  shapes  from  earlier  discus¬ 
sions.18  In  these  measurements,  detuning  the  pump  or 
probe  results  in  a  traveling-wave  modulation  oscillating 
with  the  detuning  Afp  —  Hy  —  Hp  ■  The  nonlinear  response 
as  a  function  of  Afp  provides  a  measure  of  the  decay  of 
the  modulation  formed  by  excitations  resonant  with  the 
signal  beam.  In  addition  to  the  contribution  from  spon¬ 
taneous  emission,  the  decay  rate  obtained  includes  contri¬ 
butions  from  the  decay  of  the  excitation  out  of  the  spec¬ 
tral  region  about  the  signal  frequency,  that  is, 
rm=?%p+r  where  r„  is  the  overall  decay  rate  of  the 
modulation.  Note  that  tuning  fly  or  (lp  changes  the  fre¬ 


quency  of  the  signal  beam  as  well  as  the  frequency  of  the 
first-order  excitation,  causing  the  interpretation  of  the 
measurements  to  become  complicated  when  the  decay 
rate  of  the  modulation  is  comparable  with  the  homogene¬ 
ous  width  of  the  system.  However,  in  the  limit  that  the 
homogeneous  width  is  large  compared  with  the  energy 
relaxation  rate,  the  above  complication  is  negligible. 

Based  on  the  general  expression  for  the  third-order 
nonlinear  polarization  given  in  Eq.  (12),  the  polarization 
associated  with  the  FWM/  response  can  be  simplified  to 


P'3'  =  K' 


1 


A/p-HT„ 


1 


A -i- 2 iy,  A, 

x[Ain/)-/i,(n;))]+c.c.  , 


-e<nr) 


(15) 


where  we  have  assumed  (lp  =  Clb,  and  K'  is  a  constant. 
Since  we  are  dealing  with  a  strongly  inhomogeneously 
broadened  system,  the  inhomogeneous  response  function 
A  ( 17)  can  be  treated  as  a  constant  in  the  detuning  range 
in  which  we  are  interested.  The  FWM/  line  shape  is  then 
determined  by  three  relaxation  processes  1%,  2 y,,  and 
ysp.  The  appearance  of  the  hole-burning  denominator 
associated  with  the  homogeneous  width  is  due  to  the 
change  of  the  frequencies  of  the  signal  and  the  first-order 
excitation  when  the  frequency  of  the  forward  pump  is 
tuned.  In  the  limit  where  the  dephasing  is  large  com¬ 
pared  to  all  other  relaxation  rates,  this  term  does  not 
change  significantly  compared  to  the  other  terms  as  a 
function  of  fly.  Hence,  the  dominant  term  is  a  broad  res¬ 
onance  with  a  width  determined  by  the  total  decay  rate 
Tm .  However,  as  a  result  of  excitation  diffusion  between 
different  energy  states,  a  quasiequilibrium  is  established 
due  to  this  dynamic  process,  extending  over  all  states. 
This  is  expected  regardless  of  the  functional  form  of  the 
redistribution  kernel.  The  quasiequilibrium  population 
contributes  to  the  nonlinear  response,  and  decay  of  this 
population  is  determined  by  the  spontaneous  emission  of 
the  excited  states.  If  the  spontaneous  emission  rate  is 
slow  compared  to  the  spectral  diffusion  rate,  or  more  gen¬ 
erally  rm,  then  a  narrow  resonance  will  be  observed  on 
top  of  the  broad  resonance  with  a  width  given  by  y,p.  It 
is  important  to  note  here  that  in  time-resolved  lumines¬ 
cence  of  this  transition,  the  measured  decay  rate  would 
be  given  by  ysp.  However,  because  of  the  hole  burning 
achieved  in  FWM,  it  is  possible  to  separately  measure 
both  decay  rates. 

Figure  3fa •  shows  a  FWM /  line  shape  obtained  with 
the  excitation  energy  at  the  peak  of  the  redistribution 
kernel.  As  anticipated,  it  clearly  shows  a  prominent  nar¬ 
row  peak  sitting  on  top  of  a  broad  base.  The  broad  base 
is  the  result  of  the  fast  spectral  diffusion  process 
(r  =  15ysp).  The  narrow  peak  corresponds  to  the 
excited-state  spontaneous  emission  rate.  More  interest¬ 
ingly,  if  we  move  the  excitation  energy  to  the  low-energy 
side  of  the  kernel,  an  interference  type  of  line  shape  de¬ 
velops  as  is  shown  in  Fig.  3(b).  In  this  case,  the  excitation 
transfer  to  the  higher-energy  states  dominates  the 
transfer  to  the  lower-energy  states.  Physically,  the  in¬ 
terference  results  between  the  field  radiated  by  the  di¬ 
poles  in  the  spectral  hole,  and  the  dipoles  associated  with 
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the  spectrally  diffused  excitation. 

More  specifically,  in  the  limit  that  the  width  of  the 
redistribution  kernel  is  much  larger  than  the  homogene¬ 
ous  width  of  the  system,  the  function  £(fl)  can  be  treat¬ 
ed  as  a  constant  for  the  FWM/  measurement.  For  a 
symmetric  redistribution  kernel  and  when  the  excitation 
energy  is  at  the  peak  of  the  kernel,  the  real  part  of  the 
function  0(fl)  goes  to  zero,  and  the  nonlinear  response 
due  to  the  spectral  diffusion  has  the  same  phase  as  the 
nonlinear  response  due  to  spectral  hole  burning.  Howev¬ 
er,  any  presence  of  a  nonzero  real  part  for  @!fl)  can  re¬ 
sult  in  a  phase  difference  between  the  two  components  of 


Forward-Pump  Detuning 
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FIG.  3.  FWM /  responses,  (a)  I"  =  15,  Au„,h  =  I  OCX), 

=  400,  w,t  -  tj„,h  =  —  1 00,  and  =  to,,.  The  response  shows  a 

prominent  narrow  component  due  to  the  spectral  diffusion  pro¬ 
cess.  The  width  of  this  component  is  determined  by  the  spon¬ 
taneous  emission  rate.  The  dashed  line  represents  the  nonlinear 
response  without  contribution  from  the  spectrally  diffused  exci¬ 
tations.  (b)  T  =  1 5.  A<y,„h  =  1000,  Aco,,  =  400,  co„-„jmh=-  100. 
and  «„-<„„=  -750.  The  FWM/  response  shows  interference 
types  of  line  shapes. 


the  nonlinear  response.  A  direct  consequence  of  in  ¬ 
difference  is  an  interference  type  of  FWM/  line  shapes 
Appearances  of  the  interference  line  shape  are  deter¬ 
mined  by  the  local  property  of  the  redistribution  kernel 
in  the  vicinity  of  signal  frequency  fl.  In  the  limit  of  the 
strong  redistribution  model  discussed  here,  the  phase 
shift  occurs  when  the  excitation  energy  is  off  the  peak  of 
the  redistribution  kernel.  In  fact,  the  interference  profile 
can  be  reversed  if  we  move  the  excitation  frequency  to 
the  high-energy  side  of  the  redistribution  kernel.  Recall 
that  in  the  FWMi  measurement,  a  preferred  energy- 
transfer  direction  leads  to  an  asymmetric  FWM6  line 
shape.  We  can  conclude  that  the  interference  line  shape 
in  the  FWM/  response  will  be  associated  with  an  asym¬ 
metric  FWMb  line  shape. 

The  same  analysis  also  applies  to  the  FWMp  line 
shape,  and  features  of  the  FWM/  response  are  all  present 
in  the  FWMp  response.  The  mam  difference  is  that  the 
hole-burning  denominator,  IAsp-»-2/y, )~  1  appears  in  the 
FWMp  response  (where  0^  =  0*,)  as  +  /}',)  ’instead 
of  (Ayp  +2 iy, )  1  as  it  does  in  the  FWM/  response  (where 
Hence,  in  the  limiting  case  where  y ,  is  on  the 
order  of  (ysp+  D,  the  rate  obtained  from  the  width  of  the 
FWM/  response  will  be  less  affected  by  this  denominator 
than  will  the  FWMp  response.  Assuming  yph=0, 
r>>»  and  the  characteristic  width  of  the  redistribu¬ 
tion  kernel  to  be  much  larger  than  the  homogeneous 
width  of  the  system,  appearance  of  the  hole-burning 
denominator  is  expected  to  introduce  only  an  overall 
correction  factor  for  rates  obtained  from  the  width  of 
FWMp  or  FWM /  responses. 

In  summary,  we  see  that  the  problem  of  obtaining  a 
quantitative  understanding  of  a  resonant  system  in  a  solid 
is  greatly  complicated  by  the  presence  of  spectral 
diffusion  processes.  However,  the  results  of  these  calcula¬ 
tions  show  that  line  shapes  obtained  through  frequency- 
domain  FWM  can  provide  additional  understanding, 
though  it  is  clear  that,  except  in  some  simple-limiting 
cases,  the  interpretation  of  these  results  must  be  made 
with  care. 
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APPENDIX  A 

In  this  work,  we  are  interested  in  the  nonlinear  polar¬ 
ization  giving  rise  to  an  electromagnetic  wave  counter- 
propagating  with  regard  to  the  probe  wave.  This  implies 
that  the  third-order  off-diagonal  matrix  element  pVj'Itul  of 
interest  is  proportional  to  EfE*Eb.  Since  we  use  the 
geometry  of  Ey|]EpiEA,  we  assume  that  the  excitation 
modulation  formed  by  fields  with  orthogonal  polarization 
can  be  neglected.  We  then  calculate  the  matrix  element 
using  the  perturbation  sequence  in  Eq.  (9),  in 
which  the  forward  pump  and  probe  interact  in  the  sample 
forming  a  modulation  of  the  ground-state  and  excited- 
state  population,  and  the  backward  pump  beam  acts  only 
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in  third  order. 

The  first-order  off-diagonal  matrix  element,  which  is 
also  related  to  the  linear  optical  response,  is  easily  ob¬ 
tained  in  the  rotating  wave  approximation  from  Eq.  (7) 
by  taking p\°\co)  =  G(co): 


p'l  |W)  = 


_  ju_  _  Gico) 

2ft  ,  ft,  —  co  +  iy. 


£,exp[t  (k,  -  x  — n,/)] , 


(Al) 


where  the  sum  is  over  all  the  applied  optical  fields.  To 
obtain  p'jl'ltu),  we  first  define  the  matrix  element 
Pag=  fparf,co)dco,  integrated  over  all  frequencies,  where 
a  and  0=1,2.  In  the  strong  redistribution  limit,  the 
redistribution  kernel  is  independent  of  the  frequency  of 
the  initial  excitation.  Hence,  we  integrate  Eq.  (6)  over  co, 
yielding  the  equation  for  p,2, 


P 22 - (  KP:i_c.c.  . 


( A2) 


As  expected,  decay  of  the  overall  spectrally  integrated 
excited-state  population  is  determined  by  the  spontane¬ 
ous  emission  rate.  Solving  the  above  equation  to  second 
order  in  the  applied  field  and  taking  the  slowly  varying 
component  (i.e.,  the  term  proportional  to  £,£*),  we  ob¬ 
tain 


Pz:  = 


JL 

1ft 


a  in,) 

^  r^rr  £*£* 


Xexp[/(k,  —  k;  )-x 

—  (ft,  —  dj  )t]  +  c.c.  ,  (A3) 

where  A,;=ft,—  ft/(  i  and  j—f,p ,  and  ,4  (ft,)  is  defined 
in  Eq.  (11).  The  second-order  matrix  element  p;:lw)  fol¬ 
lows  directly  from  Eq.  (6): 


pfl  {(!))  = 


JL 

2ft 


2^  £,£;*exp[t  ( k,  —kj  )-x  — (ft,  — ft;  )r ] 


'•> 


A.;+'<r„p+ r 


G  ico) 


iTF(co) 


ft,  -co+iy,  A,;+iysp 


A  (ft,l 


+  c.c.  , 


(A4) 


where  again,  i  and  j  —f,p.  Using  Eq.  (A4)  and  substitut¬ 
ing  in  Eq.  (7),  we  find  the  expression  for  pV]'(a)  given  in 
Eq.  (10). 


APPENDIX  B 

In  the  absence  of  spectral  diffusion,  the  FWMh  line 
shape  of  an  inhomogeneously  broadened  system  is  de¬ 
scribed  by  the  square  of  the  induced  polarization,  given 
in  general  for  classical  hole  burning  by  Eq.  (14).  This 
leads  to  a  general  line  shape  described  by 

Lb(A)=  j  Jd£u/(ft  +  A,cu)Im(/(ft,<J>!  i  ,  (Bl) 

where  for  FWM,  ft  =  ft^  =  ft(J  and  A  =  ft,,  —  ft  We  have 
also  assumed  that  the  inhomogeneous  width  is  much 
greater  than  the  homogeneous  width  of  the  system,  and 
ft  is  near  the  center  of  the  inhomogeneous  distribution  so 
that  Gico)  can  be  assumed  constant  within  the  integral 
and  has  been  removed.  Within  the  rotating  wave  approx¬ 
imation  and  with  the  assumption  that  the  functional  form 
of  the  homogeneous  response  function  /(ft,«)  is  in¬ 
dependent  of  the  transition  frequency  co,  the  response 
function  can  be  written  as  a  function  of  the  difference  be¬ 
tween  the  response  frequency  ft  and  the  transition  fre- 


I 

quency  co,  that  is,  /  ( Cl,co ) =/ ( ft  —  «).  The  causality  con¬ 
dition  further  requires  that  the  response  function  is  an 
analytical  function  of  ft  in  the  upper  half  of  the  complex 
plane,  and  therefore  an  analytical  function  of  co  in  the 
lower  half  of  the  complex  plane.25 

To  show  that  Lb{  A)  is  symmetric  for  A—*  —  A,  we  be¬ 
gin  by  defining 

K(A)=/dtu/(ft  +  A  — w)/(ft-o»)  .  (B2) 


The  integrand  is  also  an  analytical  function  of  co  in  the 
lower  half  of  the  complex  plane.  We  now  follow  the  usu¬ 
al  procedure  and  use  Cauchy's  integral  theorem,  choos¬ 
ing  a  contour  to  include  the  real  axis  and  the  semicircle 
in  the  lower  half  plane  (there  is  no  contribution  to  the  in¬ 
tegral  from  this  part  of  the  contour25).  Since  /  is 
analytic  in  co  in  the  lower  half  plane,  we  get 
$dcof(fl  +  A,<u)/(ft,ru)=0  and  hence,  K(A)=0.  Since 
I mf  =f  —  /*,  the  line-shape  function  reduces  to 

>2 


Lb( A)=  !  / dco /(ft  + A— ta)/*(ft— <i>) 


(B3) 


It  is  easily  seen  that  Lb( A)  =  £6(  —  A),  which  means  the 
FWMA  line  shape  in  the  absence  of  spectral  diffusion  is  a 
symmetric  function  of  the  backward  pump  detuning. 
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Abstract.  This  paper  describes  measurements  of  exciton  relaxation  in  GaAs/AlGaAs  quantum 
well  structures  based  on  high  resolution  nonlinear  laser  spectroscopy.  The  nonlinear  optical 
measurements  show  that  low  energy  excitons  can  be  localized  by  monolayer  disorder  of  the 
quantum  well  interface.  We  show  that  these  excitons  migrate  between  localization  sites  by 
phonon  assisted  migration,  leading  to  spectral  diffusion  of  the  excitons.  The  frequency  domain 
measurements  give  a  direct  measure  of  the  quasi-equilibrium  exciton  spectral  redistribution 
due  to  exciton  energy  relaxation,  and  the  temperature  dependence  of  the  measured  migration 
rates  confirms  recent  theoretical  predictions.  The  observed  line  shapes  are  interpreted  based  on 
solutions  we  obtain  to  modified  Bloch  equations  which  include  the  effects  of  spectral  diffusion. 

PACS:  71.35,+z,  42.65.-k,  78.47.+p,  78.65.Fa 


The  linear  and  nonlinear  optical  properties  of  GaAs 
quantum  well  (QW)  structures  are  dominated  by  strong 
excitonic  resonances  near  the  band  edge.  In  these  ma¬ 
terials,  quasi-two-dimensional  excitons  are  confined  in 
the  thin  GaAs  layer  by  the  larger  band  gap  of  the 
AlxGai_xAs  layers.  The  enhancement  of  the  electron- 
hole  correlation  due  to  confinement  leads  to  an  increase 
in  both  the  exciton  oscillator  strength  and  the  exciton 
binding  energy.  The  resultant  appearance  of  well-resolved 
excitonic  resonances  even  at  room  temperature  has  gen¬ 
erated  considerable  interests  in  studies  of  excitonic  non¬ 
linear  optical  properties  in  QW  structures  {1],  It  is  now 
understood  that  effects  of  the  Pauli  exclusion  principle 
including  phase  space  filling  and  exchange  dominate  the 
nonlinear  optical  response  of  the  exciton  while  effects  of 
the  Coulomb  screening  are  significantly  reduced  due  to 
the  reduced  dimensionality  [2]. 

In  adition  to  the  exciton  manybody  interactions,  the 
nonlinear  optical  property  of  the  exciton  also  strongly 
depends  on  the  dynamical  interaction  of  the  exciton  with 
the  surrounding  crystal  lattice  and  vacuum  radiation. 
Relaxation  of  the  exciton  and  the  associated  polarization 
(i.e.,  the  induced  coherence)  due  to  these  interactions  can 
significantly  alter  the  nonlinear  optical  response  of  the 
exciton.  Measurements  of  the  excitonic  nonlinear  optical 
response  not  only  determine  the  effect  of  relaxation  on 
the  nonlinear  optical  property  of  the  material,  but  also 


provide  us  a  quantitative  description  of  the  exciton  re¬ 
laxation  process.  As  we  discuss  below,  details  of  exciton 
relaxation  in  a  QW  also  in  part  reflect  properties  of  the 
interface  between  GaAs  and  AlGaAs. 

Relaxation  of  excitonic  excitation  is  characterized  by 
decay  of  the  exciton  population  about  energy  £  and  de¬ 
cay  of  the  optically  induced  polarization  or  coherence 
(often  called  dephasing  which  determines  the  homoge¬ 
neous  line  width,  rh).  In  an  ideal  crystal,  excitons  are  de¬ 
scribed  by  a  Bloch  wave  function  and  are  free  to  move  in 
the  crystal.  At  low  exciton  density,  decay  of  the  excitation 
is  expected  to  be  predominantly  due  to  exciton-phonon 
scattering  along  with  exciton  recombination. 

However,  in  a  QW  the  problem  becomes  more  com¬ 
plicated.  Non-ideal  growth  conditions  can  result  in  in¬ 
terface  roughness  between  the  GaAs  well  and  AlGaAs 
barrier.  Recent  transport  and  chemical  lattice  imaging  in¬ 
vestigations  have  shown  the  interface  of  GaAs/ AlGaAs 
multiple  quantum  well  samples  may  be  characterized  by 
island-like  structures  with  a  height  of  one  mononlayer 
and  a  lateral  size  of  order  50  A  [3].  Details  of  the  inter¬ 
face  roughness  also  depend  on  specific  growth  processes, 
such  as  interrupted  or  non-interrupted  growth  (4,  5],  or 
whether  GaAs  is  grown  on  AlGaAs  or  AlGaAs  is  grown 
on  GaAs  [5].  The  effects  of  interface  roughness  are  sig¬ 
nificant.  For  example,  an  exciton  confined  to  a  thin  GaAs 
layer  (typically  100  A)  experiences  an  energy  shift  of  the 
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order  of  several  meV  for  a  monolayer  well-width  change. 
As  the  exciton  moves  inside  the  well,  it  will  be  scattered 
by  the  random  potential  due  to  the  interface  roughness. 
As  a  result,  low  energy  excitons  are  expected  to  become 
localized,  i.e.  the  envelope  of  the  wave  function  decays 
exponentially  in  space.  In  this  case,  the  energy  of  the 
exciton  also  depends  on  the  local  environment  leading 
to  inhomogeneous  broadening  of  the  linear  absorption 
spectrum. 

Localized  and  delocalized  excitons  have  qualitatively 
different  relaxation  properties  [6],  Even  at  very  low  tem¬ 
perature  (<  10  K),  localized  excitons  do  not  remain  truly 
localized,  insteady  they  can  migrate  among  localization 
sites  by  emitting  or  absorbing  acoustic  phonons  (phonon 
assisted  migration).  Phonon  assisted  migration  was  first 
proposed  to  explain  the  slow  and  non-exponential  en¬ 
ergy  relaxation  observed  in  time  resolved  luminescence 
measurements  in  a  GaAs  QW  structure  [6,  7],  At  higher 
temperatures,  excitons  can  absorb  phonons  of  enough 
energy  and  be  activated  to  delocalized  states  at  higher 
energies  The  activation  process  has  been  observed  in 
a  number  of  measurements  such  as  spectral  hole  burn¬ 
ing  [8],  resonant  Rayleigh  scattering  [9],  and  resonant 
Raman  scattering  [10].  Estimations  of  the  activation  en¬ 
ergy  have  suggested  that  the  onset  for  the  delocalized 
exciton  in  GaAs  QW  structures  is  near  the  absorption 
line  center  [8,  9].  In  contrast,  decay  of  the  delocalized 
exciton  is  determined  by  the  exciton-phonon  scattering 
along  the  energy-momentum  dispersion  curve  and  the 
exciton  recombination.  Furthermore,  delocalized  excitons 
also  experience  elastic  scattering  from  potential  fluctua¬ 
tions,  which  introduces  additional  dephasing  to  the  decay 
of  the  polarization. 

In  this  paper,  we  discuss  high  resolution  nonlinear 
optical  measurements  of  the  exciton  relaxation  in  GaAs 
quantum  well  structures.  The  measurements  are  based 
on  frequency  domain  four  wave  mixing  (FWM)  [11], 
The  primary  objective  of  these  measurements  has  been 
to  further  the  physical  understanding  of  relaxation  of  ex- 
citonic  excitations  in  QW  structures.  Particular  emphasis 
has  also  been  given  to  the  understanding  of  nonlinear  op¬ 
tical  measurements  in  semiconductors,  and  to  how  relax¬ 
ation  manifests  itself  in  the  frequency  domain  nonlinear 
optical  response  of  the  material.  High  resolution  nonlin¬ 
ear  measurements  can  provide  detailed  information  on 
the  population  relaxation  similar  to  transient  nonlinear 
absorption  measurements  as  well  as  eliminate  the  inho¬ 
mogeneous  broadening  due  to  the  interface  roughness 
leading  to  a  measure  of  the  homogeneous  line  shape  or 
the  steady  state  spectral  redistribution  of  the  excitation. 
Since  these  measurements  are  performed  in  the  energy 
space,  they  are  particularly  sensitive  to  relaxation  pro¬ 
cesses  involving  energy  shifts  of  the  excitation  (referred 
to  in  general  as  spectral  diffusion)  such  as  the  exciton 
migration  discussed  above.  The  narrow  band-width  of 
the  excitation  also  permits  improved  resolution  over  the 
usual  time  domain  measurements.  In  addition,  the  fre¬ 
quency  domain  methods  are  able  to  observe  in  a  single 
measurement  time  scales  ranging  over  twelve  orders  of 
magnitude  [12]. 


GaAs  AiGaAs 


Fig.  1.  A  schematic  representation  of  the  experimental  configuration 
for  frequency  domain  backward  four-wave  mixing  spectroscopy  in 
GaAs/ AiGaAs  QW  structures.  The  cross  hatched  region  represents 
the  region  of  optically  excited  excitons  which  are  confined  b>  the 
AiGaAs  barners 


1  Frequency  Domain  FWM  Line  Shapes 

The  experimental  configuration  is  based  on  the  back¬ 
ward  FWM  geometry,  which  is  closely  related  to  opti¬ 
cal  phase  conjugation  [13],  and  on  the  use  of  two  fre¬ 
quency  stabilized  tunable  cw  dye  lasers.  As  shown  in 
Fig.  1,  two  counter-propagating  pump  beams  Ef(Dr,kf) 
and  Eb(ftb,  kb)  (f  and  b  stand  for  forward  and  backward 
respectively)  interact  in  the  sample  with  a  probe  beam 
Ep(Dp,kp)  with  Ep||Ef_LEb  through  the  resonant  third 
order  susceptibility  to  generate  a  signal  beam  Es(D5,k,) 
proportional  to  yl3|(Er  •  E*)Eb.  Physically,  Ef  E*  results 
in  a  spatial  and  temporal  modulation  of  the  exciton 
population,  which  modifies  the  optical  response  of  the 
sample.  The  coherent  nonlinear  signal  arises  from  scat¬ 
tering  of  the  backward  beam  from  the  modulation  [141 
Spectroscopic  information  can  be  obtained  by  studying 
the  dependence  of  the  nonlinear  optical  response  on  the 
relative  frequency  detuning,  the  electric  field  polariza¬ 
tion,  or  the  relative  angle  of  the  different  input  beams. 
For  the  measurements  in  this  paper,  information  related 
to  relaxation  of  the  system  is  obtained  by  measuring  the 
nonlinear  response  as  a  function  of  the  frequency  of  any 
of  the  three  input  beams.  The  resultant  line  shape  is  des¬ 
ignated  the  FWMi  response  where  i  =  f,b,p  depending 
on  which  beam  is  tuned.  In  general,  FWMp  and  FWMf 
responses  provide  details  of  population  relaxation,  while 
the  FWMb  response  reflects  a  measure  of  the  homoge¬ 
neous  line  shape  and  of  the  spectral  redistribution  of  the 
excitation  as  we  discuss  below. 

To  illustrate  the  measurement  ability  of  the  frequency 
domain  nonlinear  measurement  and  understand  the  ef¬ 
fects  of  spectral  diffusion  on  line  shapes  of  the  nonlinear 
optical  response,  we  have  examined  the  FWM  response 
of  a  simple  two  level  system  undergoing  spectral  diffu¬ 
sion  [15].  In  this  model,  the  excitation  at  an  individual 
site  can  transfer  to  neighboring  sites  through  an  inter¬ 
site  interaction  (such  as  dipole-dipole  interaction).  The 
excitation  transfer  is  assumed  to  be  characterized  by  a 
redistribution  kernel  W{ aj.a/)  representing  the  rate  for 
populations  in  the  excited  state  to  be  transferred  from 
a  site  with  resonant  frequency  at  to  sites  with  resonant 
frequency  at'.  The  overall  spectral  diffusion  rate  is  then 
r (at)  =  f  W(at,  to')  dot1.  W(at,at')  is  analogous  to  colli¬ 
sion  kernels  that  are  used  to  describe  velocity  changing 
collisions  in. atomic  vapor  [16].  In  addition,  since  the 


excitation  transfer  is  likely  to  be  associated  with  emis¬ 
sion  or  absorption  of  thermal  phonons,  we  assume  that 
at  the  new  site  the  excitation  transfer  does  not  induce 
a  superposition  state  of  the  ground  and  excited  state 
that  is  coherent  with  the  input  fields.  Such  a  model  has 
been  discussed  in  detail  elsewhere  [15],  and  is  closely  re¬ 
lated  to  the  problem  of  excitation  transfer  between  ions 
embedded  in  a  crystal  [17], 

The  interaction  of  the  system  with  optical  fields  can 
be  described  by  the  following  modified  optical  Bloch 
equations  (MOBE)  assuming  a  classical  representation 
for  the  optical  fields: 

ifi  4-  =  ~[Tg;,(to)  -  C.C.j  -  lA['/sp  -  r 
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where  level  |2)  is  the  excited  state  and  level  11}  is  the 
ground  state,  is  the  usual  population  density  ma¬ 

trix  element  for  systems  with  a  resonant  frequency  a> 
[18],  r12(w)  represents  the  dephasing  rate  of  the  system 
due  to  spectral  diffusion,  V  =  —  p  •  E  is  the  interaction 
energy  with  p  the  dipole  moment  (assumed  to  be  real) 
and  E  =  ;  V  E,  exp(ik2  -  x  -  if2;t)  4- c.c.  summed  over  all 
applied  elect:, c  fields.  Equation  (2)  takes  into  considera¬ 
tion  pure  dephasing  of  the  optically  induced  coherence  by 
letting  the  dephasing  rate  y  =  ysp/2+Vph,  where  ysp  is  the 
spontaneous  emission  rate,  and  yph  is  the  pure  dephasing 
rate,  due  for  example  to  elastic  scattering.  In  addition, 
we  have  also  assumed  that  the  system  is  quantum  me¬ 
chanically  closed,  i.e.,  the  probability  that  an  atom  is  in 
the  ground  or  the  excited  state  is  unity.  This  leads  to  the 
condition  ou(cu)  4-s:;(cu)  =  G{u> )  where  G(a>)  is  the  den¬ 
sity  of  atoms  at  frequency  w.  Note  that  spectral  diffusion 
due  to  intersite  energy  transfer  is  also  accompanied  by  a 
corresponding  change  in  location  of  the  excitation.  How¬ 
ever,  if  the  effective  mean  free  path  for  excitation  transfer 
is  small,  then  the  effect  would  be  described  by  a  spatial 
diffusion  process.  This  effect  can  be  phenomenologically 
included  as  a  spatial  diffusion  decay  term  in  the  equation 
for  eiz,  the  decay  rate  is  given  by  fd  =  4n:P/A2 
where  D  is  the  diffusion  coefficient  and  A  is  the  spatial 
period  of  the  modulation. 

The  model  discussed  above  may  not  accurately  rep¬ 
resent  the  physical  process  of  exciton  migration  during 
nonlinear  optical  interaction,  since  a  simple  two  level 
model  does  not  reflect  many-body  nature  of  the  exci- 
tonic  nonlinear  optical  response.  Moreover,  description 
of  the  spectral  diffusion  process  in  general,  and  exciton 
migration  in  particular  is  much  more  complicated  than 
a  simple  transfer  of  the  excited  state  population  [19]. 
Nevertheless,  recent  theoretical  work  has  shown  that  m 
the  limit  that  phase  space  filling  dominates  the  exciton 
nonlinear  optical  response,  the  equation  of  motion  gov¬ 
erning  the  nonlinear  optical  process  in  semiconductors 
is  nearly  identical  to  the  optical  Bloch  equation  of  an 
atomic  system  [20].  Hence,  we  expect  predictions  from 


the  above  simple  two  level  model  to  reflect  the  qualita 
features  of  FWM  line  shapes  of  more  complicated  »v 
terns,  in  particular  excitons  in  QW  structures,  and  provide 
a  guidance  for  more  detailed  studies. 

Even  with  the  above  assumptions,  it  is  rather  dnfi- 
cult  to  obtain  analytical  solutions  for  frequence  domain 
FWM  line  shapes  for  a  general  distribution  kernel  How¬ 
ever.  using  a  strong  redistribution  model  for  the  spec¬ 
tral  diffusion  process  we  may  further  simplifv  the  above 
equations.  In  this  model,  the  spectral  diffusion  process 
is  independent  of  the  resonant  frequency  of  the  initial 
site,  and  each  transfer  on  average  leads  to  a  complete 
redistribution  of  the  excited  state  population  [21  j.  le 
Wiw'.t u)  =  r F{ (o)  with  Fiot I  satisfying  |  </w£(wi  =  1 
where  f  is  the  overall  spectral  diffusion  rate  for  the  ex¬ 
cited  state  For  the  qualitative  discussions  of  this  work, 
the  dephasing  rate  due  to  spectral  diffusion  is  taken  to 
be  r i2(a»)  =  E/2  (the  coupling  giving  rise  to  spectral 
diffusion  may  also  lead  to  pure-dephasing  effects  which 
could  be  included  in  yph). 

With  these  simplifications,  the  off  diagonal  matrix  el¬ 
ement  to  the  third  order  in  applied  fields  for  a  signal 
nearly  counter-propagating  to  the  probe  (proportional  to 
(Ef  •  E*)Eb)  can  be  obtained  [15]: 

=  -2  £r£* £b  exp[i(kf  +  kb  —  kp)  ■  x  -  if2,r] 

_ 1 _  1 

Qi  —  a>  +  ifh  dfP  4-  i(T  4-  ysp) 

x  (  GM  ( ~p. - - — -  - - - — \ 

l  Gp-cu-ifh/ 

4-  v  -'f—  flM)  MOf)  -  **(Qp)]|  ■  (31 

drp  +  iySp  J 

where  £h  =  y5p/2  4-  f/2  4-  yPh  is  the  total  dephasing 
rate,  f?s  =  Q(  +  —  Gp  is  the  signal  frequency,  and 

d,j  =  Q,  —  Qj  with  i.j  =  f,b,p,s.  A{Q)  is  given  by 


A(Q) 


-Jz= 
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w4-i£h 


G(cu)  da . 


(4) 


The  imaginary  part  of  the  MQ)  is  related  to  the  inhomo¬ 
geneous  linear  absorption  profile  of  the  system  and  the 
real  part  corresponds  to  the  dispersion.  The  correspond¬ 
ing  third  order  polarization  can  be  easily  obtained  by 
integrating  ^(oi)  over  the  inhomogeneous  distribution, 
yielding 

P'3,(fi5)  =  -  2p  £f£p  Eb  exp[i(kr+kb-kp)-x-iGsf] 


drp4-i(}'sp4-r) 
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where  (?(fl5)  is  related  to  the  redistribution  kernel  by 
(2(Os)  =  f  - — F(vj)dio. 

J  -  oi  -t-  ifh 
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Fig.  1  The  FWMb  response.  All  the  frequency  and  decay  rates 
are  normalized  to  the  spontaneous  emission  rate,  r  -  IS,  Jtu,nh  = 
1000,  Aa> o  =  400,  fjp  —  at, „h  =  —100,  ojq  —  aj,„h  =  -850,  where  aiinh 
and  daijob  are  the  center  and  half-width  of  the  inhomogeneous 
distribution  respectively,  and  too  and  dtoo  are  the  center  and  half¬ 
width  of  the  redistribution  kernel  respectively.  The  backward  pump 
detuning  is  measured  with  regard  to  12p  -  dfp.  The  solid  line  is  the 
line  shape  obtained  with  Jfp  =*  f.  The  dashed  line  is  the  line  shape 
obtained  with  Jfp  =  0 


The  nonlinear  optical  signal  is  determined  by  a  solution 
of  the  appropriate  Maxwell  wave  equation  where  the 
nonlinear  polarization  is  the  source  term.  In  the  limit 
that  all  fields  are  weak  and  there  is  no  depletion  of 
any  of  the  applied  fields,  the  nonlinear  signal  is  simply 
proportional  to  tPi3l(f2,)|2. 

Equation  (5)  is  nearly  identical  to  the  results  obtained 
for  a  two  level  system  without  spectral  diffusion  with 
the  exception  of  the  last  term  [22].  The  resonant  denom¬ 
inator  [dfp  +  i(ysp  +  T)]-1  arises  in  the  calculation  of 
the  second  order  diagonal  matrix  element.  The  width  of 
the  denominator  measures  the  decay  rate  of  the  excita¬ 
tion  modulation,  and  includes  an  additional  contribution 
from  spectral  diffusion.  The  familiar  hole  burning  reso¬ 
nant  denominator  associated  with  2Th  results  when  the 
signal  is  resonant  with  the  dipole  excited  by  Ef  •  E*  (i.e., 
when  =  fip),  and  also  shows  an  additional  broaden¬ 
ing  due  to  the  dephasing  that  occurs  through  spectral 
diffusion.  The  term  inversely  proportional  to  J,f  is  not 
singular,  but  rather  goes  to  0  in  the  limit  of  J,f  =  0. 
Contributions  from  this  term  are  negligible  in  the  limit 
of  strong  inhomogeneous  broadening  when  the  detuning 
Jy  is  small  compared  with  the  inhomogeneous  width. 

The  last  term  in  (5)  results  from  spectrally  diffused  ex¬ 
citation.  It  is  proportional  to  (2(12,)  reflecting  a  measure 
of  the  redistribution  kernel.  Because  of  the  resonant  en¬ 
hancement  which  occurs  when  the  signal  is  resonant  with 
the  optical  transition  as  represented  by  the  denominator 
(Q,-a»-t-  i r h)_I  in  (3),  the  dominant  contribution  to 
the  no  ilinear  response  is  expected  to  come  from  systems 
that  are  resonant  with  the  12,.  In  the  presence  of  spectral 
diffusion,  the  signal  coming  from  the  last  term  can  be 
observed  even  when  the  signal  frequency  is  tuned  away 
from  the  frequency  of  the  initial  excitation  (the  frequency 
of  the  forward  pump  and  the  probe  beams)  and  resonant 
with  excitations  transferred  to  energy  £  =  titt,. 


We  first  discuss  the  FWMb  line  shape.  Tn  this  mea¬ 
surement,  nearly  degenerate  forward  pump  and  probe 
beams  interfere  in  the  sample  to  excite  population  mod¬ 
ulation  of  a  narrow  spectral  hole  with  a  half-width 
within  the  inhomogeneous  profile.  The  FWMb  line  shape 
is  obtained  by  measuring  the  nonlinear  signal  as  a  func¬ 
tion  of  the  frequency  of  the  backward  pump  beam  This 
measurement  is  analogous  to  the  cw  hole  burning  mea¬ 
surements  and  also  closely  related  to  the  standard  two 
pulse  photon  echo  measurement  [23].  In  hole  burning 
measurements,  a  pump  beam  modulates  the  absorption 
in  a  narrow  bandwidth  compared  to  the  inhomogeneous 
width  whereas  in  FWM,  a  population  grating  is  created. 
In  the  absence  of  spectral  diffusion  (T  =0),  the  FWMb 
line  shape  simply  reflects  the  spectral  details  of  the  hole 
excited  by  Er  •  E*.  The  line  shape  reduces  to  a  simple 
Lorentzian  with  a  width  twice  the  homogeneous  width. 
In  the  presence  of  spectral  diffusion,  the  hole  excited  by 
Ef  ■  E*  diffuses  in  energy  space  resulting  in  a  spectral  re¬ 
distribution  of  the  excitation.  Since  tuning  I2b  effectively 
changes  I2„  this  redistribution  can  be  directly  mapped 
out  by  the  FWMb  response.  In  this  case,  the  FWMb 
response  results  from  both  the  spectral  hole  burning  and 
the  spectrally  diffused  excitations. 

It  is  important  to  note  that  while  there  are  similar¬ 
ities  between  the  FWMb  line  shape  and  the  line  shape 
obtained  in  ordinary  spectral  hole  burning,  there  are 
two  important  differences.  Hole  burning  basically  mea¬ 
sures  the  imaginary  part  of  the  optica]  response  while 
the  FWMb  response  measures  the  modulus  square  of  the 
response,  hence  including  both  imaginary  and  real  parts. 
More  significantly,  however,  is  that  in  frequency  domain 
FWM,  it  is  possible  to  control  the  amount  of  contribu¬ 
tions  from  the  spectrally  diffused  excitation  by  using  a 
fixed  forward  pump  and  probe  frequency  offset  as  we 
can  see  from  (5).  In  particular,  in  the  limit  of  a  large 
offset  (much  greater  than  the  spontaneous  emission  rate), 
the  FWMb  response  reflects  only  the  homogeneous  line 
shape.  In  practice,  by  choosing  an  appropriate  offset,  the 
contribution  from  spectrally  diffused  excitation  may  be 
eliminated  without  significant  reduction  of  the  nonlinear 
signal  strength.  Furthermore,  while  the  current  discussion 
has  focused  on  a  simple  resonant  system,  it  is  not  difficult 
to  imagine  that  there  are  different  systems  characterized 
by  different  excitation  and  dephasing  relaxation  rates  but 
having  nearly  the  same  resonant  frequency.  By  examin¬ 
ing  the  homogeneous  line  width  measured  in  the  FWMb 
response  as  a  function  of  different  forward  pump  and 
probe  offsets,  it  is  possible  to  differentiate  between  the 
different  resonant  systems  [12]. 

Figure  2  shows  two  FWMb  line  shapes  obtained  from 
the  nonlinear  polarization  in  (5).  Here,  the  strong  redis¬ 
tribution  kernel  and  the  inhomogeneous  distribution  are 
taken  to  be  Gaussian.  The  strong  redistribution  kernel  is 
characterized  by  a  center  frequency  a>o  and  a  half-width 
Ju»o  Similarly,  the  inhomogeneous  distribution  is  charac¬ 
terized  by  a  center  frequency  a>,nh  and  a  half-width  dcu,„h 
The  dashed  line  in  the  figure  is  the  response  obtained  with 
dfp  =  0.  The  narrow  peak  around  zero  detuning  is  pre¬ 
dominantly  the  result  of  spectral  hole  burning  while  the 
broad  peak  reflects  the  spectral  redistribution  of  the  exci- 
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Fig.  3.  The  FWMb  response.  F  =  15,  dti.nb  =  1000,  Jwq  =  400, 
cuo  -  w.oh  =  —100, £2P  =  ojq.  The  response  shows  a  prominent  nar¬ 
row  component  due  to  the  decay  of  the  quasi-equilibrium  popula¬ 
tion.  The  width  of  this  component  is  determined  by  the  spontaneous 
emission  rate.  The  dashed  line  represents  the  nonlinear  response 
without  contribution  from  the  spectrally  diffused  excitations 


tation  created  at  the  forward  pump  and  probe  frequency. 
The  solid  line  in  the  figure  represents  the  FWMb  line 
shape  using  2  forward  pump  and  probe  offset  dfp  =  T. 
The  line  shape  is  Lorentzian  and  reflects  the  homoge¬ 
neous  line  shape  of  the  system.  Note  that  the  strength  of 
the  nonlinear  signal  has  only  been  reduced  by  a  factor 
of  order  2. 

In  the  FWMf  measurement,  we  hold  Op  =  £2b. 
Detuning  the  forward  pump  frequency  by  an  amount 
5  =  Of  —  Qp  produces  a  traveling  wave  modulation  of 
excitation  with  the  amplitude  proportional  to  [<5  4-  i(T  + 
Vsp)]'1-  The  nonlinear  response  as  a  function  of  <5  then 
measures  the  decay  rate  of  the  modulation  formed  by 
excitations  that  are  resonant  with  the  signal  beam.  The 
decay  rate,  rm  =  f  +  ysp,  includes  contributions  from 
spontaneous  emission  as  well  as  transfer  of  excitations 
from  energy  £  to  £'  where  |E  — E'|  >  rb.  Spatial  diffusion 
of  the  excitation,  which  is  not  included  in  (5),  also  con¬ 
tributes  to  the  decay  and  manifests  itself  as  a  dependence 
of  the  decay  rate  on  the  spatial  period  of  the  modula¬ 
tion.  Note  that  in  the  limiting  case  where  £ h  ~  Tm/2, 
the  FWMf  line  shape  is  complicated  by  the  fact  that 
tuning  Of  also  changes  the  frequency  of  the  signal  beam 
and  the  frequency  of  the  first  order  polarization.  The 
FWMf  response  then  experiences  an  additional  resonant 
effect  from  the  hole  burning  denominator  appearing  as 
(6  +  2irh)-1  [see  (5)},  resulting  in  a  deviation  from  a 
simple  Lorentzian  and  requiring  a  small  correction  (of 
order  1)  in  relating  i~m  to  the  HWHM  for  absolute  de¬ 
cay  rate  measurements.  The  FWMp  response  provides  a 
measurement  similar  to  the  FWMf  response.  However, 
since  Of  =  f2b,  the  hole  burning  denominator  appears  as 
(S  +  irb)-1  resulting  in  a  slightly  larger  correction  as  we 
can  see  from  (5).  In  the  case  of  rb  »  Fmf 2,  the  FWMp 
and  FWMf  line  shapes  are  the  same  and  independent 
of  rh. 

Spectral  diffusion  of  the  excitation  between  different 
energy  sites  also  leads  to  the  establishment  of  a  quasi¬ 
equilibrium  redistribution  of  the  excited  state  population 
as  we  have  discussed  earlier.  This  is  expected  regardless 
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Fig.  4.  The  degenerate  FWM  (DFWMt  and  absorption  spectra  oi 
HH1  excitons  obtained  at  2.5  K 


of  the  functional  form  of  the  redistribution  kernel.  This 
quasi-equilibrium  population  contributes  to  the  nonlin¬ 
ear  response,  and  decay  of  this  population  is  determined 
by  the  spontaneous  emission  of  the  excited  states.  If 
the  spontaneous  emission  rate  is  slow  compared  to  the 
spectral  diffusion  rate,  then  a  narrow  re^r...,,.*  can  be 
observed  on  top  of  the  broad  resonance  with  a  half-width 
given  by  ysp.  In  the  limit  of  a  very  large  spectral  diffusion 
rate,  the  narrow  resonance  may  even  become  dominant. 
In  time  resolved  luminescence  of  this  transition,  the  mea¬ 
sured  decay  rate  would  be  given  by  ysp.  However,  be¬ 
cause  of  the  hole  burning  achieved  in  frequency  domain 
FWM,  it  is  possible  to  separately  measure  both  decay 
rates.  Figure  3  shows  a  FWMf  line  -hape  using  the  non¬ 
linear  polarization  in  (5).  As  anticipated,  it  clearly  shows 
a  prominent  r^row  peak  sitting  on  top  of  a  broad  base. 
The  broad  base  is  the  result  of  the  fast  spectral  diffusion 
process  (F  =  I5ysp).  The  narrow  peak  corresponds  to  the 
excited  state  spontaneous  emission  rate. 

2  High-Resolution  Nonlinear  Measurements 

Typical  GaAs  QW  samples  used  in  our  measurements 
consisted  of  65  periods  of  96  A  GaAs  wells  and  98  A 
Alo3Gao7As  barriers,  grown  at  630°  C  by  a  Vanan  Gen 
II  MBE  machine  on  semi-insulating  (100)  GaAs  substrate 
with  interrupted  growth.  The  samples  are  mounted  on  a 
sapphire  disk  (c  axis  normal)  with  the  substrate  removed 
for  the  nonlinear  measurement.  The  data  presented  here 
were  obtained  on  a  sample  that  is  characterized  by  an 
absorption  line  width  of  2.2  meV  for  the  HH1  exciton. 
and  a  Stokes  shift  of  1  meV  between  the  HH1  exciton  ab¬ 
sorption  and  emission.  Similar  results  were  also  obtained 
on  other  samples.  In  contrast  to  many  earlier  measure¬ 
ments,  the  exciton  density  for  these  measurements  were 
kept  low  near  107excitons/cm2.  Ail  the  nonlinear  mea¬ 
surements  are  carried  out  on  the  HH1  exciton. 

The  excitonic  nonlinear  optical  response  is  primarily 
due  to  phase  space  filling  and  exchange  effects.  Figure  4 
shows  the  degenerate  FWM  response  obtained  at  2.5  K. 
The  rapid  decrease  of  the  nonlinear  response  around  the 
absorption  line  center  is  partly  due  to  strong  exciton 
absorption.  However,  the  nonlinear  response  on  the  high 
energy  side  of  the  absorption  line  center  is  extremely 
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Fig.  Sa,  b.  The  FWMf  response  below  the  absorption  line  center, 
a  At  2.5  K  and  at  1.5  meV  below  the  exciton  absorption  line  center, 
b  At  10  K  and  at  0.6  meV  below  the  exciton  absorption  line  center. 
The  line  shapes  show  two  decay  components.  The  decay  time 
associated  with  the  line  shape  is  (2n  •  HWHM)'1.  Compare  with 
Fig.  3 


small  compared  to  that  on  the  low  energy  side  signaling 
a  change  of  the  exciton  relaxation  properties  across  the 
absorption  line  center.  The  small  cw  nonlinear  optical 
response  indicates  a  much  increased  exiton  relaxation  rate 
above  the  absorption  line  center.  The  energy  dependence 
of  the  relaxation  rate  will  be  discussed  in  more  detail 
later. 

Relaxation  of  the  exciton  population  is  first  character¬ 
ized  using  the  FWMf  response  [23].  A  typical  line  shape 
below  the  absorption  line  center  is  shown  in  Fig.  5a.  Com¬ 
plex  decay  dynamics  of  the  exciton  is  evidenced  in  the 
line  shape.  The  HWHM  of  the  line  shape  corresponds 
to  a  relaxation  time  of  60  ps,  which  is  slow  compared 
to  acoustic-phonon  scattering  of  the  delocalized  exciton 
(typically  on  a  time  scale  of  10  ps),  and  is  over  an  or¬ 
der  of  magnitude  faster  than  the  exciton  recombination 
time.  Furthermore,  within  experimental  error,  the  spec¬ 
trum  shown  in  Fig.  5a  is  independent  of  the  modulation 
spacing,  indicating  the  contribution  from  exciton  diffu¬ 
sion  is  negligible  and  inferring  an  upper  limit  of  order 
lcm2/s  for  the  exciton  diffusion  coefficient.  The  above 
result  indicates  that  excitons  are  strongly  localized  in  this 
spectral  region  as  suggested  by  earlier  resonant  Rayleigh 
scattering  and  transient  FWM  measurement  of  Hegarty 
and  Sturge  [9].  The  measurements  suggest  that  the  de¬ 
cay  of  the  exciton  population  is  characterized  by  exciton 
spectral  diffusion  as  a  result  of  scattering  of  localized  ex¬ 
citons  from  energy  £  to  £'(|£  —  £'|  >  f  h).  The  obtained 
decay  rate  is  in  agreement  with  the  calculation  based  on 
phonon  assisted  migration  of  the  localized  exciton  [6]. 

Excitons  that  have  migrated  out  of  sites  with  energy  £ 
also  have  a  finite  probability  to  come  back  leading  to  the 
establishment  of  a  quasi-equilibrium  exciton  population 
at  energy  £  before  these  ecitons  eventually  recombine, 
as  discussed  above.  Decay  of  this  quasi-equilibrium  pop¬ 
ulation  should  be  characterized  by  the  exciton  recom¬ 
bination  rate,  and  so  is  the  nonlinear  optical  response 
due  to  this  population.  The  FWMf  response  shown  in 
Fig.  5a  indeed  shows  a  small  and  narrow  feature  at  the 
top  of  the  line  shape.  The  narrow  feature  becomes  more 
pronounced  at  higher  temperature  due  to  faster  exiton 
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Fig.  6.  The  temperature  dependence  of  the  exciton  population 
decay  rate.  Circles  and  crosses  are  data  obtained  at  1.5  meV  and  at 
0.6  meV  below  the  exciton  absorption  line  center  respectively.  Dash 
lines  are  fit  to  the  theory  of  phonon  assisted  migration 


migration  rate  which  also  leads  to  an  increase  of  the 
quasi-equilibrium  population,  as  shown  in  Fig.  5b.  The 
width  associated  with  the  feature  corresponds  to  a  decay 
time  of  1.2  ns  consistent  with  the  exciton  recombination 
rate,  which  also  confirms  the  above  interpretation  of  the 
nonlinear  measurements. 

The  mechanism  of  exciton  migration  can  be  best  re¬ 
vealed  by  the  temperature  dependence  of  the  migration 
rate  since  the  migration  process  is  likely  to  involve  ab¬ 
sorption  or  emission  of  acoustic  phonons.  The  theoretical 
model-  for  phonon  assisted  exciton  mgiration  was  devel¬ 
oped  recently  by  Takagahara  [6].  In  this  model,  excitons 
resonantly  excited  are  in  a  non-equilibrium  state  and  can 
migrate  to  other  sites  by  emitting  or  absorbing  acoustic 
phonons.  While  the  migration  is  due  to  the  overlap  of  the 
exciton  wave  function  in  different  sites  when  the  inter-site 
distance  is  small,  the  inter-site  dipole-dipole  interaction 
mediates  the  migration  process  when  the  inter-site  dis¬ 
tance  is  much  greater  than  the  localization  length.  Typical 
magnitude  of  participating  phonon  wave  vectors  is  within 
a  few  times  of  the  inverse  of  the  localization  length  cor¬ 
responding  to  phonon  energies  of  order  0.01  to  0.1  meV. 
The  theory  further  predicts  a  distinctive  temperature  de¬ 
pendence  for  the  migration  rate.  At  low  temperatures, 
the  dependence  is  described  by  exp(BT*).  In  this  expres¬ 
sion,  B  is  positive  and  independent  of  temperature  but 
is  expected  to  increase  with  the  exciton  energy  and  de¬ 
pends  on  details  of  interface  roughness;  a  is  estimated 
to  be  between  1.6  and  1.7.  The  predicted  temperature 
dependence  is  quite  different  from  that  of  variable  range 
hopping  used  by  Mott  to  interpret  electronic  conduction 
in  the  localized  regime.  The  difference  has  been  attributed 
to  the  long-range  nature  of  the  inter-site  interaction  and 
the  phonon  emission  process  involved  in  the  migration 
of  the  localized  exciton  [6].  The  temperature  dependence 
has  been  observed  in  transient  hole  burning  experiments 
in  an  InGaAs/InP  QW  where  all  excitons  are  localized 
by  alloy  disorder  [25]. 

Figure  6  shows  the  temperature  dependence  of  the  ex¬ 
citon  migration  rate  obtained  at  0.6  meV  and  1.5  meV 
below  the  absorption  line  center  using  the  FWMf  re- 
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Fig.  7.  The  FWMb  response  at  5  K  and  »uh  ihe  frequencies  of 
the  forward  pump  and  probe  beams  at  I  5  meV  below  the  exciton 
absorption  line  center.  The  narrow  resonance  is  due  to  spectral 
hole  burning.  The  response  also  provides  a  measure  of  the  steads 
state  spectral  redistribution  of  the  exciton  population.  Compare 
with  Fig.  2 
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sponse.  The  data  is  in  good  agreement  with  the  theory  of 
phonon  assisted  migration  discussed  above  with  a  =  1.6. 
The  measurement  indicates  that  the  dominant  contri¬ 
bution  to  relaxation  of  the  localized  exciton  is  phonon 
assisted  migration  up  to  a  temperature  of  15K..  Note 
that  earlier  measurements  have  reported  observations  of 
an  activation  type  of  temperature  dependence  for  the 
localized  exciton  at  temperatures  between  7  and  20  K. 
indicating  that  in  this  temperature  region,  relaxation  for 
the  localized  exciton  is  dominated  by  thermal  activation 
to  delocalized  states  [8,  10].  It  has  been  suggested  that 
sample  dependent  variations  in  the  thermal  activation  en¬ 
ergy  are  the  result  of  differences  in  the  nature  of  interface 
roughness  [26].  Hence,  the  effective  activation  energy  can 
be  much  higher  than  simply  the  energy  difference  between 
the  mobility  edge  and  the  localized  exciton  resulting,  at 
low  temperature  (<  15  K),  in  a  thermal  activation  rate 
much  smaller  than  the  phonon  assisted  migration  rate. 
Note  that  thermal  activation  type  of  behavior  in  our 
samples  has  been  observed  above  1 5  K.  using  stimulated 
photon  echo  methods  [27,  28]. 

A  more  complete  description  of  exciton  spectral  dif¬ 
fusion  can  be  achieved  by  making  a  direct  measurement 
of  the  excitons  scattered  from  energy  £  to  £  [24.  29].  If 
localized  excitons  are  optically  excited  at  energy  £  and 
then  migrate  among  localization  sites  to  different  ener¬ 
gies,  a  quasi-equlibrium  exciton  distribution  over  a  broad 
spectral  range  can  be  established  assuming  the  exciton 
migration  rate  is  large  compared  with  the  recombination 
rate.  The  steady  state  redistribution  of  the  exciton  pop¬ 
ulation  can  be  directly  probed  in  the  FWMb  response 
by  scanning  f2b  while  keeping  Q<  and  f2p  fixed  at  en¬ 
ergy  £,  as  anticipated  in  (5)  and  Fig.  2.  Figure  7  shows 
a  FWMb  line  shape  where  excitons  are  optically  excited 
at  1.5  me V  below  the  absorption  line  center.  The  non¬ 
linear  response  is  corrected  for  sample  absorption.  The 
narrow  resonance  in  the  response  corresponds  to  exciton 
spectral  hole  burning,  and  the  width  of  the  hole  gives  an 
exciton  homogeneous  width  of  order  £h  0.01  meV.  The 
broad  feature  is  due  to  the  quasi-equilibrium  redistribu¬ 
tion  of  the  exciton  population,  and  the  square  root  of 
the  response  is  proportional  to  the  steady  state  exciton 


population  assuming  all  excitons  in  the  spectral  region 
concerned  give  rise  to  the  same  cw  nonlinear  response 
The  FWMb  line  shape  in  Fig.  7  can  be  fit  to  a  simple 
model  which  neglects  migration  to  state"  above  the  exci¬ 
tation  energy,  and  is  based  on  the  understanding  of  the 
nonlinear  optical  response  ot  a  simple  two-level  system. 
The  model  assumes  a  Gaussian  distribution  for  the  quasi- 
equilibrium  population  of  excitons  that  have  migrated  to 
states  below  the  excitation  energy.  The  spectral  profile  of 
the  hole  burning  resonance  is  assumed  to  be  Lorentzian 
The  result  is  plotted  as  the  solid  line  in  Fig.  7. 

We  further  examine  the  energy  dependence  of  the  ex¬ 
citon  relaxation  rate  using  the  FWMf  response  For  exci¬ 
ton  energies  less  than  1.5  meV  below  the  absorption  line 
center,  the  exciton  migration  rate  depends  very  weakly- 
on  the  energy  as  is  shown  in  Fig.  8.  The  migration  rate 
increases  rapidly  approaching  the  absorption  line  cen¬ 
ter  suggesting  an  increase  of  the  localization  length  and 
an  onset  of  the  transition  from  localized  to  delocalized 
states.  Physically,  excitons  can  become  delocalized  when 
the  localization  length  is  comparable  with  or  larger  than, 
the  scale  of  inelastic  cutoff  given  by  vDr  [30],  where  D  isi 
the  exciton  diffusion  coefficient  and  r  is  the  time  betweet* 
exciton-phonon  scattering. 

Earlier  measurements  using  transient  four  wave  mix¬ 
ing  and  resonant  Rayleigh  scattering  have  suggested  that 
in  a  multiple  QW.  excitons  above  the  exciton  absorptior 
line  center  may  be  weakly  delocalized.  Indeed,  our  mea 
surements  of  FWMf  and  FWMb  responses  above  tho 
exciton  absorption  line  center  are  qualitatively  ditferen 
from  that  below  the  absorption  line  center.  The  nonlinea 
response  is  completely  dominated  by  the  recombination 
component  even  at  the  lowest  temperature  (I.8K)  w 
can  achieve.  This  behavior  is  expected  from  the  earlier 
analysis  of  the  FWMf  response  if  excitons  experience  a 
extremely  rapid  inelastic  scattering  such  as  in  the  case  cr 
a  delocalized  exciton.  Figure  9a  shows  a  typical  FWMi 
line  shape  above  the  exciton  absorption  line  center. 
large  modulation  spacing  is  used  in  this  measurement  s— 
that  contributions  from  exciton  diffusion  are  negligibl 
The  dashed  line  in  the  figure  is  a  Lorentzian  fit  to  the  lit 
shape.  The  FWHM  of  the  line  shape  corresponds  to  as 
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Fig.  9.  a  The  FWMf  response  at  10  K  and  2meV  above  the  exciton 
absorption  line  center.  The  dashed  line  is  a  fit  to  the  Lorentzian. 
b  The  dependence  of  decay  rates  of  the  exciton  population  mod¬ 
ulation  on  the  modulation  spacing.  The  dashed  line  is  a  fit  to  the 
equation  of  modulation  decay  due  to  diffusion 
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Fig.  10.  The  FWMb  response  at  2  5  K  with  the  frequencies  of 
the  forward  pump  and  probe  beams  at  2  meV  above  the  exciton 
absorption  line  center.  Dashed  lines  are  guide  to  the  eye 


exciton  recombination  time  of  1.2  ns.  Furthermore,  the 
measurement  of  the  FWMf  response  as  a  function  of  the 
modulation  spacing  shows  a  quadratic  dependence  of  the 
modulation  decay  rate  on  the  inverse  of  the  modulation 
spacing,  yielding  an  exciton  diffusion  coefficient  of  order 
16cm2/s  (see  Fig.  9b). 

The  FWMb  response  from  the  delocalized  excitons 
needs  more  clarification.  As  we  have  discussed  earlier, 
in  a  FWMb  measurement,  tuning  the  frequency  of  the 
backward  pump  probes  the  steady  state  distribution  of 
the  exciton  population.  While  delocalized  excitons  can  be 
scattered  along  the  two  dimensional  energy-momentum 
dispersion  curve  to  other  delocalized  states  by  inelas¬ 
tic  processes  such  as  exciton-phonon  interactions,  these 
states  have  nonzero  momentum,  and  in  the  limit  of  a 
strict  K-selection  rule,  a  zero  optical  dipole  moment.  In 
this  case,  the  FWMb  line  shape  in  the  vicinity  of  the  ex¬ 
citation  energy  simply  provides  a  measure  of  the  exciton 
homogeneous  line  shape.  Note  that  at  very  low  tempera¬ 
ture,  delocalized  excitons  scattered  to  the  bottom  of  the 
dispersion  curve  will  continue  to  lose  energy  by  emitting 
acoustic  phonons  and  eventually  become  localized  as  we 
show  below. 

The  FWMb  line  shape  for  excitons  resonantly  ex¬ 
cited  2meV  above  the  absorption  line  center  is  shown 
in  Fig.  10.  Narrow  hole  burning  resonances  are  not  ob¬ 
served  in  this  line  shape.  The  nonlinear  signal  above  the 
absorption  line  center  is  extremely  small  compared  to 
that  below  the  line  center,  which  is  due  to  rapid  dephas¬ 
ing  of  the  polarization  as  well  as  the  much  increased 
exciton  population  decay  rate.  A  magnified  version  of 
the  FWMb  spectrum  above  the  absorption  line  center  is 
also  shown  in  the  figure,  from  which  we  determine  the 
homogeneous  line  width  to  be  of  order  1.5  meV  (cor¬ 
responding  to  a  dephasing  time  of  0.5  ps).  The  large 
dephasing  rate  for  the  delocalized  exctton  is  expected  [6, 
9]  since  these  excitons  are  expected  to  experience  rapid 
elastic  scattering  from  interface  potential  fluctuations  in 
addition  to  the  exciton-acoustic-phonon  scattering.  The 
strong  nonlinear  optical  signal  below  the  absorption  line 
center  indicates  that  most  of  the  excitons  created  above 


the  absorption  line  center  become  localized  before  they 
eventually  recombine. 

In  summary,  frequency  domain  nonlinear  measure¬ 
ments  have  revealed  features  of  various  physical  mech¬ 
anisms  of  exciton  relaxation  in  GaAs  QW  structures. 
In  particular,  phonon  assisted  migration  has  been  found 
to  dominate  relaxation  of  the  localized  exciton  at  very 
low  temperature.  The  high  resolution  measurements  have 
also  enabled  us  to  directly  determine  the  redistribution 
of  the  exciton  population  due  to  exciton  migration.  In 
addition,  these  measurements  clearly  demonstrated  the 
effects  of  relaxation  on  frequer,  "j  domain  nonlinear  op¬ 
tical  response  of  the  exciton. 
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A  new  method  of  four-wave-mixing  spectroscopy  in  GaAs  quantum  wells  reveals  spectral  hole  burning 
due  to  spin  relaxation  of  magnctoexcitons.  The  measurements  resolve  the  Zeeman  doublet  of  the 
lowest-energy  heavy-hole  exciton  where  the  doublet  splitting  is  much  less  than  the  exciton  inhomogene¬ 
ous  width.  The  Zeeman  splitting  depends  nonlinearly  on  the  magnetic  field  and  is  small  compared  with 
that  of  bulk  GaAs.  The  results  reflect  effects  of  the  complex  band  structure  of  quantum  wells.  Informa¬ 
tion  on  exciton  spin  relaxation  is  also  provided  by  the  hole-burning  measurements. 


PACS  numbers:  71.35  +z.  7l.70.Ej,  7J.20.Dx,  7g.6J.Fa 

The  electronic  energy  spectrum  of  quantum  well  struc¬ 
tures  is  fully  quantized  under  a  magnetic  field  parallel  to 
the  growth  axis.  Optical  absorption  reveals  a  ladder  of 
magnetoexcitons  corresponding  to  transitions  between 
electron  and  hole  Landau  levels  [1].  Magnetic  fields  also 
lift  the  Kramers  degeneracy  with  the  resultant  Zeeman 
splitting  depending  on  details  of  the  band  structure.  The 
removal  of  this  degeneracy  is  also  expected  to  lead  to  a 
substantial  increase  of  the  spin  relaxation  time  between 
Zeeman-split  Landau  levels  since  now  spin  relaxation  can 
only  take  place  via  inelastic  processes. 

The  electron  g  factor  in  GaAs  hctcrostructures  has 
been  extensively  studied.  Earlier  magnetotransport  mea¬ 
surements  have  shown  large  exchange-induced  enhance¬ 
ment  of  the  electron  g  [21.  Recent  electron-spin- 
resonance  studies  have  revealed  the  magnetic  field  depen¬ 
dence  of  the  electron  g  for  different  Landau  levels  (3i. 
These  results  were  explained  in  terms  of  the  nonparaboii- 
city  of  the  conduction  band  [4],  Determination  of  the  ex¬ 
citon  Zeeman  splitting  has  proven  to  be  more  elusive 
[5-7].  Earlier  magnetoreflectance  measurements  were 
able  to  resolve  Zeeman  splittings  for  the  light-hole  but 
not  the  heavy-hole  exciton  [5].  More  recent  measure¬ 
ments  have  inferred  the  exciton  g  from  nonlinear  quan¬ 
tum-beat  spectroscopy  (6l.  A  precise  determination  of 
the  exciton  Zeeman  splitting  in  a  quantum  well  using 
linear  optical  spectroscopy  is  difficult  since  interface  dis¬ 
order  leads  to  exciton  localization  and  subsequent  inho¬ 
mogeneous  broadening  of  the  absorption  profile  [81;  the 
resultant  inhomogeneous  broadening  varies  from  I  meV 
to  several  mcV,  much  larger  than  the  splitting  in  mod¬ 
erate  fields. 

A  related  area  is  relaxation  of  carrier  and  exciton  spins 
in  semiconductor  heterostructures.  Polarization-depen¬ 
dent  measurements  of  interband  optical  transitions  have 
shown  an  interesting  dependence  of  spin  relaxation  on 
growth  conditions,  carrier  confinement,  and  temperature 
[9].  Various  physical  mechanisms  for  spin  relaxation 
have  also  been  discussed  [9,10].  In  addition,  lumines¬ 
cence  measurements  at  high  magnetic  fields  have  revealed 
a  much  larger  spin  relaxation  time  due  to  the  full  quanti¬ 
zation  of  the  energy  spectrum  [III. 


In  this  paper,  we  report  frequency-domain  nonlinear 
optical  studies  of  exriton  Zeeman  splitting  and  spin  relax¬ 
ation  in  GaAs  quar  .urn  wells.  Using  selective  optical  ex¬ 
citation  and  nonlinear  optical  methods  similar  to  spectral 
hole  burning  (SHB,  also  referred  to  as  saturation  spec¬ 
troscopy  or  differential  transmission),  we  are  able  to 
probe  spin  relaxation  of  magnctoexcitons  and  measure 
directly  their  Zeeman  splitting.  The  measurements  re¬ 
veal  a  heavy-hole  splitting  much  smaller  than  that  report¬ 
ed  for  bulk  GaAs  at  low  magnetic  field  and  show  a  non¬ 
linear  dependence  of  the  splitting  on  magnetic  field 
strength.  The  results  reflect  effects  of  the  complex  band 
structure  of  a  quantum  well. 

Nonlinear  optical  methods  such  as  SHB  have  the 
rd vantage  of  being  able  to  eliminate  inhomogeneous 
t  oadening  and  accurately  measure  small  energy  separa¬ 
tions  as  shown  in  precision  measurements  in  atomic  va¬ 
pors  [12].  For  GaAs/AIGaAs  quantum  wells,  a  nearly 
monochromatic  optical  beam  with  <s-  circular  polariza¬ 
tion  can  be  used  to  excite  a  narrow  spectral  hole  (say  at 
energy  E  -  within  the  inhomogeneous  absorption  profile) 
of  the  lowest  heavy-hole  (HHI)  exciton  associated  with 
the  |  to  f  transition  (see  the  inset  in  Fig.  I  for  the 
energy-level  diagram  in  a  magnetic  field).  The  width  of 
the  spectral  hole  is  determined  by  the  homogeneous  line- 
width.  Spin  flips  of  electrons  and  holes  associated  with 
these  excitons  generate  a  spectral  hole  at  the  energy  of 
the  -  }  to  -  I  exciton  transition,  designated  E +.  The 
spin-flip-induced  SHB  at  £♦  results  from  the  reduced 
absorption  due  to  the  presence  of  carriers  that  have 
flipped  their  spins  from  £-.  This  SHB  can  be  probed  us¬ 
ing  an  optical  beam  with  <7+  circular  polarization.  Zee- 
man  splitting  can  then  be  obtained  by  measuring  the  en¬ 
ergy  spacing  between  the  spin-flip-induetd  SHB  and  the 
original  SHB  resonance. 

in  practice  the  measurements  proposed  above  are  com¬ 
plicated  by  strong  spectral  diffusion  of  the  localized  exci¬ 
tons.  Once  created,  localized  excitons  migrate  rapidly 
among  localization  sites  with  different  energies  leading  to 
a  broad  quasiequilibrium  distribution  in  energy  as  we 
demonstrated  earlier  using  four-wave  mixing  [13].  In  the 
normal  SHB  measurement  discussed  above,  the  nonlinear 
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FIG.  I.  Hole-burning  FWM  responses  at  4  T.  All  three 
beams  are  circularly  polarized  with  Et  and  Ej  exciting  the  a- 
cxciton.  Squares  represent  the  response  when  the  probe  beam 
E)  interacts  with  the  a-  exciton.  Circlet  represent  the  response 
when  Ei  interacts  with  the  <r+  exciton.  Dashed  lines  are 
Lorentzian  fits  to  the  response.  Inset:  Conduction-band  and 
heavy-hole  valence-band  energy  levels  in  a  GaAs  quantum  well 
for  a  magnetic  field  parallel  to  the  growth  axis. 


optical  signal  may  be  dominated  by  this  distribution.  In 
the  limit  that  the  spin  relaxation  time  is  long  compared 
with  the  spectral  diffusion  time,  nearly  all  spin-flipped  ex- 
citons  have  diffused  in  energy.  Hence,  the  spin-flip- 
induced  SHB  resonance  will  be  overwhelmed  by  the  spec¬ 
tral  diffusion  process. 

To  avoid  the  above  complications,  we  have  used  a  new 
method  of  SHB  based  on  nearly  degenerate  four-wave 
mixing  (FWM)  (14,15].  This  method  can  significantly 
reduce  the  contribution  of  the  quasiequilibrium  exciton 
distribution  to  the  nonlinear  optical  response  and,  hence, 
allows  us  to  recover  the  spin-flip-induced  SHB  resonance. 
The  experimental  configuration  is  based  on  backward 
FWM  and  uses  three  optical  beams.  Two  nearly  degen¬ 
erate  beams  designated  E|(«»i,k|)  and  Ej(<U2, ki)  interact 
in  the  sample  with  a  third  probing  beam  designated 
E](<U3,k}).  The  SHB  response  is  obtained  by  measuring 
the  backward  FWM  signal  (propagating  in  a  direction 
determined  by  k|  —  k2  +  kj)  as  a  function  of  <vj.  Detailed 
analytical  discussions  of  frequency-domain  FWM  spec¬ 
troscopy  have  been  presented  elsewhere  (14,151;  however, 
the  underlying  physics  can  be  understood  as  follows: 
Nearly  degenerate  beams  Ei  and  E2  interfere  in  the  sam¬ 
ple  to  excite  a  traveling-wave  grating  which  oscillates  at  a 
frequency  equal  to  the  detuning  between  the  two  beams 
—  0)2!  («  homogeneous  linewidth).  The  grating  is 
a  spatially  modulated  pattern  of  spectral  hole  burning  at 
o>i  ( ** otj)  with  amplitude  proportional  to  (5+iy)-', 
where  y  is  the  grating  decay  rate  determined  by  relaxa¬ 
tion  and  spatial  transport  of  excitons.  Measuring  the 
FWM  signal  as  a  function  of  a>j  probes  the  spectral 


profile  of  the  grating  within  the  inhomogeneous  profile 
In  the  absence  of  spectral  diffusion,  the  spectral  width  of 
the  grating  is  given  by  the  exciton  homogeneous  linewidth 
as  expected  from  SHB,  and  the  width  of  tne  FWM 
response  is  twice  the  homogeneous  linewidth  (1 51.  Note 
that  although  both  FWM  and  the  traditional  SHB  (i.e., 
differential  transmission)  signals  result  from  the  induced 
nonlinear  optical  polarization,  the  FWM  signal  includes 
contributions  from  both  the  real  and  the  imaginary  part 
of  the  nonlinear  susceptibility  while  the  traditional  SHB 
measures  only  the  imaginary  part  (12). 

In  the  presence  of  spectral  diffusion,  the  spectral  hole 
excited  by  Er  E*  diffuses  in  energy  resulting  in  a  spectral 
redistribution  of  the  excitation.  In  this  case,  the  FWM 
response  arises  from  both  the  spectral  hole  and  the 
quasiequilibrium  distribution  of  the  exciton  population  as 
discussed  above.  The  decay  of  the  SHB  population  is 
determined  by  the  sum  of  the  exciton  spectral  diffusion, 
spin  relaxation,  and  recombination  rates.  However,  the 
lifetime  of  the  quasicquiiibrium  distribution  is  determined 
by  the  recombination  time  of  the  exciton  (13],  In  the 
limit  that  the  spectral  diffusion  rate  is  much  larger  than 
the  rate  for  exciton  recombination,  setting  S  large  com¬ 
pared  with  the  recombination  rate  (but  still  smaller  than 
or  comparable  with  the  spectral  diffusion  rate)  signifi¬ 
cantly  decreases  the  relative  amplitude  of  the  grating  as¬ 
sociated  with  the  quasiequilibrium  distribution.  Hence, 
the  FWM  response  will  be  dominated  by  the  SHB  reso¬ 
nance  (14). 

The  quantum  well  samples  used  in  our  measurements 
consist  of  ten  periods  of  100-A  GaAs  wells  and  100-A 
Alo.3Gao.7As  barriers,  grown  at  750 °C  by  molecular- 
beam  epitaxy  on  semi-insulating  (100)  GaAs  substrates 
using  interrupted  growth.  The  structures  show  a  1-meV 
absorption  linewidth  with  a  Stokes  shift  of  the  lumines¬ 
cence  of  order  0.3  meV  for  the  HHl  exciton.  The  non¬ 
linear  measurements  were  carried  out  at  2.5  K  using  a 
split-coil  superconducting  magnet.  S  was  set  at  140  MHz 
using  two  acousto-optic  modulators.  The  exciton  density 
was  of  order  107/cmJ. 

In  the  first  set  of  measurements,  we  used  three  circu¬ 
larly  polarized  optical  beams  rotating  in  the  same  direc¬ 
tion  in  the  laboratory  frame.  The  nonlinear  optical 
response,  shown  as  squares  in  Fig.  1,  involves  only  the  o- 
excitons  associated  with  the  f  to  ^  transition.  The 
width  of  the  response  corresponds  to  a  homogeneous 
linewidth  of  0.03  meV.  The  small  linewidth  confirms  the 
localized  and  inhomogeneous  broadening  nature  of  the 
magnctoexciton  (8,13). 

As  discussed  earlier,  if  electrons  or  holes  associated 
with  o-  excitons  created  with  Er  E*  flip  their  spin  at  the 
same  localization  site,  it  will  produce  SHB  at  the  energy 
of  the  <7+  exciton.  Experimentally,  spin-flip-induced 
SHB  can  be  probed  by  reversing  the  polarization  direc¬ 
tion  of  E3.  The  resulting  resonance,  shown  as  circles  in 
Fig.  I,  clearly  shows  narrow  SHB  at  a  lower  energy  with 
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the  energy  difference  being  the  exciton  Zeeman  splitting: 
0.19  meV  at  4  T.  The  small  signal  at  the  original  SHB 
position  is  most  likely  due  to  the  residual  ellipticity  of  the 
circularly  polarized  beams.  The  nearly  constant  back¬ 
ground  signal  in  the  inset  in  Fig.  1  is  due  to  excitons  that 
have  spectrally  diffused.  Nonlinear  signals  due  to  the 
spectrally  diffused  excitons  overwhelm  the  spin-flip- 
induced  SHB  when  i“0.  Note  that  spin  relaxation  of 
<r+  excitons  requires  absorption  of  acoustic  phonons  and 
is  slower  than  spin  relaxation  of  a-  excitons.  The  ob¬ 
served  spin-flip-induced  SHB  is  considerably  weaker  at  4 
T  when  Er  E*  excites  <r+  excitons. 

In  further  experiments,  we  used  linearly  polarized  light 
for  the  third  beam.  With  Er  E*  exciting  only  the  a-  ex¬ 
citons,  we  can  simultaneously  probe  the  SHB  and  the 
spin-flip-induced  SHB  resonance.  The  FWM  response 
(Fig.  2)  shows  the  well-resolved  Zeeman  doublet.  Be¬ 
cause  of  possible  interference  between  the  two  reso¬ 
nances,  the  Zeeman  splitting  determined  from  Fig.  2  is 
less  accurate  than  that  from  Fig.  1. 

Recent  measurements  have  shown  that  at  low  and  in¬ 
termediate  magnetic  field,  the  electron  g  factor  at  the 
lowest  Landau  level  in  GaAs  quantum  wells  is  close  to 
the  value  for  bulk  GaAs  [3,16).  In  contrast,  the  Zeeman 
splitting  of  the  HH1  exciton  obtained  above  is  very  small 
in  comparison  with  that  reported  for  bulk  GaAs  [17], 
Our  results  seem  to  be  in  agreement  with  the  earlier 
magnetoreflectance  measurements  where  the  heavy-hole 
Zeeman  doublet  was  not  resolved.  The  small  Zeeman 
splitting  attributed  to  the  strong  valence-band  mixing  in 
quantum  well  structures  has  been  recently  predicted  by 
numerical  calculations  of  magnetoexcitons  using  the  Lut- 
tinger  Hamiltonian  (18).  In  particular,  the  mixing  of  a- 
excitons  with  excitons  at  higher  energy  pushes  the  a-  ex¬ 
citon  to  lower  energy.  The  above  calculation  also  predicts 
an  eventual  sign  change  of  the  Zeeman  splitting  at  higher 
magnetic  fields  where  the  band-mixing  effects  overcome 
those  of  the  Zeeman  interaction.  However,  theoretical 
determination  of  the  magnetic  field  at  which  the  zero 
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FIG.  2.  FWM  hole-burning  response  at  4  T  with  E)  linearly 
polarized.  Ei  and  E:  interact  only  with  the  a-  exciton.  The 
line  shape  shows  the  well-resolved  Zeeman  doublet.  The  solid 
line  is  the  exciton  absorption  spectrum.  The  dotted  line  is  a 
guide  to  the  eye. 


crossing  occurs  is  difficult  since  the  cancellation  of  the 
two  competing  contributions  depends  strongly  on  parame¬ 
ters  of  the  model  (18).  The  sign  change  of  the  splitting 
has  not  been  observed  in  our  measurements  up  to  6  T.  It 
is  interesting  to  note  that  disorder-induced  localization  is 
expected  to  enhance  the  band-mixing  effects  if  the  locali¬ 
zation  scale  is  smaller  than  the  exciton  Bohr  radius.  Us¬ 
ing  the  recombination  rate  of  the  localized  exciton,  we 
have  estimated  the  localization  scale  to  be  comparable  to 
the  exciton  Bohr  radius. 

Figure  3  displays  the  magnetic  field  dependence  of  the 
Zeeman  splitting  for  the  HHI  exciton.  The  dashed  line 
in  the  figure  represents  a  quadratic  dependence.  Clearly 
the  quadratic  behavior  may  not  extend  into  the  high -field 
region.  The  observed  field  dependence  is  somewhat 
surprising  since  the  calculations  predict  a  field  depen¬ 
dence  slower  than  linear.  The  observed  dependence  may 
be  due  in  part  to  the  nonparabolicity  of  the  conduction 
band  [4],  which  was  not  included  in  the  calculations. 
Note  that  our  results  differ  considerably  from  those  ob¬ 
tained  from  nonlinear  quantum  beats  in  a  30-A  stepwise 
GaAs  quantum  well  [6).  Zeeman  splittings  reported  in 
the  quantum-beat  measurement  (0.5  meV  at  4  T)  are 
proportional  to  magnetic  fields  with  a  field  strength  rang¬ 
ing  from  1  to  5  T,  and  are  very  close  to  those  measured 
for  impurity-bound  excitons  in  bulk  GaAs  [1 9).  The  sign 
of  the  Zeeman  splitting  cannot  be  determined  in 
quantum-beat  measurements. 

The  relative  amplitude  of  the  two  SHB  resonances 
shown  in  Fig.  2  is  determined  by  the  spin  relaxation  rates 
as  well  as  the  spectral  diffusion  rate  of  the  exciton  (as¬ 
suming  equal  oscillator  strengths).  As  expected,  exciton 
spin  relaxation  rates  decrease  with  increasing  magnetic 
fields,  resulting  in  a  decrease  in  the  relative  peak  height 
of  the  spin-flip-induccd  SHB.  The  ratio  of  <r+  to  a-  ex¬ 
citon  SHB  amplitudes  decreases  approximately  by  a  fac¬ 
tor  of  4  when  the  field  increases  from  2  to  6  T.  Using  a 
simple  rate  equation  and  a  lifetime  of  SO  ps  for  the  <r+ 
exciton  SHB  (determined  independently  [20)).  we  are 
able  to  estimate  an  effective  spin  relaxation  rate  of  100  ps 
for  the  a-  exciton  at  4  T.  The  estimated  spin  relaxation 
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FIG.  3.  Magnetic  field  dependence  of  the  exciton  Zeeman 
splitting.  The  dashed  line  is  a  least-squares  fit  with  a  quadratic 
dependence. 
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rate  is  smaller  than  the  spectral  diffusion  rate,  but  is 
much  larger  than  the  rate  for  exciton  recombination. 
Hence,  most  of  the  spectrally  diffused  a-  excitons 
changed  their  spins  before  recombination,  which  explains 
the  negligible  nonlinear  optical  response  from  the  spec¬ 
trally  diffused  a-  excitons  in  Fig.  1. 

Finally,  we  note  that  although  spin  relaxation  of  mag- 
netoexcitons  in  a  quantum  well  is  presumably  an  inelastic 
process,  the  relaxation  may  also  proceed  via  an  elastic 
process  due  to  disorder-induced  localization.  A  localized 
magnetoexciton  with  a  specific  spin  orientation  may  have 
the  same  energy  as  magnetoexcitons  at  another  localiza¬ 
tion  site  with  different  spin  orientation.  Strong  resonant 
excitation  transfer  may  occur  between  the  two  sites.  The 
resonant  transfer  should  depend  strongly  on  the  intersite 
distance  as  well  as  on  the  Zeeman  splitting,  providing  a 
good  probe  for  the  interface  disorder.  In  the  SHB  mea¬ 
surement,  the  resonant  intersite  transfer  is  characterized 
by  a  spin-flip-induced  SHB  resonance  at  the  energy  of  the 
nearly  degenerate  E|  and  E2  beams.  However,  conclusive 
evidence  for  the  transfer  has  not  been  observed  in  samples 
used  in  our  measurements. 
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We  present  measurements  of  differential  transmission  and  four-wave  mixing  in  GaAs  quantum 
well  structures  at  1.8  K  near  the  inhomogeneously  broadened  lowest  heavy-hole  (hh  \ )  exciton 
resonance  using  narrow  band  cw  excitation.  The  data  show  an  increase  in  absorption  and  an 
excitation  lifetime  of  order  MO  /j,s  outside  the  spectral  hole  produced  by  the  pump.  The  long 
lifetime  and  the  experimentally  determined  absence  of  excitation  spatial  diffusion  in  this  region 
suggests  that  optical  absorption  produces  electron-hole  pairs  that  are  correlated  but  separately 
localized  due  to  disorder.  A  phenomenological  model  is  proposed  to  explain  the  nonlinear 
response  based  on  two-photon  absorption. 


The  optical  properties  immediately  below  the  band 
edge  of  direct  band-gap  semiconductors  are  dominated  by 
excitonic  effects.  In  a  quantum  well  (QW),  the  strong  tran¬ 
sient  nonlinear  optical  response  associated  with  the  exciton 
resonance  has  been  shown  by  numerous  theoretical  and 
experimental  studies  to  be  due  to  many-body  effects  includ¬ 
ing  phase  space  filling,  exchange  effects  and  to  a  lesser 
degree,  screening.1  However,  the  nonlinear  response  and 
exciton  dynamics  are  greatly  complicated  and  qualitatively 
changed  by  the  presence  of  interface  disorder  in  QW  struc¬ 
tures.2  Early  measurements  suggested  large  atomically  flat 
areas  at  the  interface.3  More  recent  measurements  show 
the  presence  of  monolayer  flat  island  formation  on  a  scale 
of  50  A,4  leading  to  the  proposal  that  there  is  a  bimodal 
distribution  for  island  size.5  At  low  temperature,  excitons 
can  be  localized  by  the  interface  disorder  which  leads  to 
strong  inhomogeneous  broadening  of  the  optical  absorp¬ 
tion  spectrum  Localized  excitois,  however,  can  migrate 
between  localization  sites  by  emitting  and  absorbing  acous¬ 
tic  phonons.67 

To  improve  the  understanding  of  the  intrinsic  nonlin¬ 
ear  optical  response  and  the  effects  of  disorder  in  GaAs 
quantum  well  structures,  we  present  what  we  believe  are 
the  first  measurements  of  the  cw  nonlinear  response  near 
the  lowest  heavy-hole  (Ml)  exciton  at  low  temperature 
(1.8-5  K)  where  the  effects  of  disorder  is  a  dominating 
factor.  The  experiments  are  based  on  nondegeneraie  differ¬ 
ential  transmission  (DT)  and  four-wave  mixing  (FWM). 
Nondegenerate  DT  measures  the  sign  and  magnitude  of 
the  imaginary  part  of  the  third-order  susceptibility  while 
nondegenerate  FWM  measures  the  magnitude  (squared) 
of  the  third-order  susceptibility  and  is  useful  for  determin¬ 
ing  various  relaxation  rates.8,9  While  the  results  of  many- 
body  theory1  have  been  highly  successful  in  accounting  for 
the  nonlinear  response  observed  using  short  pulse  excita¬ 
tion  at  high  excitation  density  ( >  109  excitons/cm2/ 
layer),10  we  show  in  this  letter  that  the  present  understand¬ 
ing  cannot  account  for  the  experimental  results  observed  at 
low  excitation  density  under  cw  excitation.  We  believe  the 
discrepancy  is  due  to  the  presence  of  disorder  and  propose 
a  possible  phenomenological  model  to  explain  the  data. 

The  data  reported  in  this  letter  are  obtained  in  QW 
structures  consisting  of  65  periods  of  96  A  GaAs  wells  and 


98  A  AlojGa^As  barriers,  grown  at  630  °C  by  molecular 
beam  epitaxy  on  semi-insulating  (100)  GaAs  substrates 
with  interrupted  growth.  The  hh  1  exciton  absorption  line- 
width  is  2.3  meV  [Fig.  1(a)]  with  a  Stokes  shift  of  1  meV 
between  the  hh\  exciton  absorption  and  emission.  Similar 
experiment  results  have  also  been  obtained  on  several 
GaAs/ Al0  3Gao  :As  samples  differing  in  the  number  of  lay¬ 
ers  and  where  the  absorption  line  widths  varied  from  1.0  to 
2.5  meV  with  a  corresponding  Stokes  shift  varying  from 
<0.2  to  1.5  meV.  Samples  are  mounted  on  a  sapphire  disk 
(c-axis  normal)  with  the  substrate  removed  and  placed  in 
a  liquid  helium  immersion  cryostat. 

Measurements  are  performed  using  two  frequency  sta¬ 
bilized  cw  dye  layers.  For  DT  measurements,  one  laser 
supplies  a  pump  beam  at  a  fixed  frequency  H,  while  the 
second  laser  supplies  a  probe  beam  at  D2.  Both  beams  are 
linearly  and  orthogonally  polarized  to  avoid  coherent  ef¬ 
fects.  The  nonlinear  spectral  response  proportional  to 
Im^(3!  is  obtained  by  measuring  the  probe  transmission  as 
a  function  of  fL  where  *(3)  is  the  third-order  susceptibility. 
For  nondegenerate  backward  FWM,  two  nearly  degenerate 
co-polanzed  beams  E,(k|,n,)  and  E[(kJ,fl| +6)  with 
intersect  in  the  sample  with  a  small  angle  6  between 
the  beams  producing  a  traveling-wave  modulation  of  the 
absorption  and  dispersion  with  a  period  A = A/ (2  sin  d/2). 
The  grating  is  probed  by  an  orthogonally  polarized  beam 
£2(k2,n:)  where  k2=— k,  producing  a  coherent  signal, 
proportional  to  |^t3)|2,  propagating  in  the  direction  -k[. 
Tuning  D,  again  measures  the  spectral  response.9  Tuning  6 
provides  information  on  the  excitation  decay  dynamics 
probed  at  D2.9  This  decay  rate  depends  on  y,  and  Frf 
where  y  is  the  recombination  rate,  T*,  is  the  spectral  dif¬ 
fusion  rate  and  rd=4trD/A1  is  the  rate  due  to  spatial 
diffusion  where  D  is  the  diffusion  coefficient. 

Figure  1  shows  a  comparison  between  the  FWM  spec¬ 
trum  [Fig.  1(b)]  and  the  DT  spectrum  [Fig.  1(c))  obtained 
by  tuning  fl2  [Fig.  1(b)  is  similar  to  that  reported  ear¬ 
lier  "].  n,  is  given  by  the  arrow  in  the  Ml  linear  absorp¬ 
tion  feature  shown  in  Fig.  1(a).  The  sharp  resonance  at 
n2  =  n,  in  Fig.  1  (b)  is  the  result  of  spectral  hole  burning 
of  the  inhomogeneously  broadened  localized  excitons  The 
width  of  the  hole  is  twice  the  homogeneous  width.8  9  The 
comparable  DT  spectrum  [Fig.  1(c)],  obtained  at  the  same 
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FIG  2  The  intensity  dependence  of  DT  spectra  as  a  function  of  pump 
intensity  for  two  different  probe  intensities  Measurements  are  made  for 
the  case  of  Fig.  1(c)  where  ft,  is  set  I  I  meV  below  ft.  The  dotted  curves 
show  the  fitting  based  on  a  two  component  model  an  incoherent  two 
photon  stepwise  excitation  dominates  at  high  probe  intensity  (square) 
and  a  single  saturation  type  nonlinear  response  dominates  at  low  probe 
intensity  (circle)  characterized  by  a  smaller  saturation  intensity  than  that 
of  a  two  photon-type  nonlinear  response 


FIG.  1.  A  comparison  of  the  cw  four-wave  mixing  and  differential  trans¬ 
mission  spectra,  (a)  The  hh\  linear  absorption  spectrum  The  arrow 
shows  the  location  of  fl,  for  (b)  and  (c)  (b)  The  four-wave  mixing 
spectrum  obtained  by  tuning  0;.  (c)  The  corresponding  differential  trans¬ 
mission  spectrum,  (d)  The  differentia!  transmission  spectrum  obtained 
when  ST,  is  set  to  1.2  eV  above  the  hh\  absorption  peak 


excitation  intensity  (—0.5  W/cm2),  shows  the  sharp  res¬ 
onance  again  corresponding  to  the  spectral  hole  seen  in 
Fig.  1(b).  As  expected  from  phase  space  filling  effects,  a 
decrease  in  absorption  is  observed  in  the  spectral  hole  (a 
positive  signal  corresponds  to  a  decrease  in  absorption). 
However,  away  from  the  spectral  hole,  the  DT  measure¬ 
ment  shows  an  unexpected  increase  in  absorption.  It  is  easy 
to  see  that  the  DT  response  ((xIm^/^:l,)  away  from  the 
spectral  hole  is  much  larger  than  expected  based  on  FWM 
(a  |\'(31|2).  Figure  1(d)  shows  the  DT  spectrum  obtained 
when  the  pump  frequency  is  tuned  to  1.2  meV  above 
the  hh  1  absorption  line  center  where  no  spectral  hole  is 
expected  or  observed.12  This  spectrum  [Fig.  1(d)]  demon¬ 
strates  that  the  increase  in  absorption  around  hhl  is  not 
related  to  the  spectral  hole.  A  similar  DT  spectrum  ts  ob¬ 
served  when  fij  is  tuned  above  the  band  edge  where  free 
earners  are  directly  excited.  In  contrast  no  signal  is  ob¬ 
tained  when  fl,  is  tuned  well  below  the  hh\  resonance. 

Measurements  of  the  intensity  dependence  of  the 
FV'  M  signal  show  that  the  spectral  hole  amplitude  de¬ 
pends  linearly  on  each  of  the  intensities  of  the  three  input 
beams,  indicating  that  there  is  minimal  contribution  from 
higher  order  terms  in  the  susceptibility.  In  the  usual  ap¬ 
proach  of  estimating  the  exciton  density  based  on  a  radia¬ 
tive  lifetime  of  order  1  ns  and  the  input  intensity,  the  ex¬ 
citon  density  is  of  order  107— 108  excitons/cm2/layer. 
Howe'er,  even  at  this  low  excitation  level,  the  DT  signal  in 
p,g.  lid)  is  not  linear  in  the  pump  intensity.  In  fact,  the 
response  also  depends  on  the  probe  intensity.  Figure  2 
sho«5  i  e  unusual  intensity  dependence  of  the  DT  re¬ 
sponse  as  a  unction  of  pump  intensity  for  two  different 
probe  intensities,  easurements  are  made  for  the  case  of 
F*  l(cl  “h"e  °1  »  w  1.1  meV  below  (1,. 

u  c'*facterue  the  nonlinear  response  by 


measuring  the  relaxation  time  in  the  region  showing  in¬ 
creased  absorption.  Independent  measurements  using  am¬ 
plitude  modulation  DT  spectroscopy13  and  FWM  by  tun¬ 
ing  6 7  show  a  decay  time  of  order  1-10  ^zs  in  contrast  to  the 
0.5-1  ns  excitonic  recombination  rate  obtained  in  this  sam¬ 
ple  by  time-resolved  luminescence  and  FWM  at  the  hole 
burning  resonance.  While  the  slow  time  scale  suggests  that 
the  nonlinear  response  could  arise  due  to  photorefractive 
or  thermal  effects,  the  first  possibility  is  eliminated  since  we 
have  determined  that  there  is  no  energy  transfer  between 
beams  as  would  be  expected  in  the  presence  of  two  beam 
coupling.  Thermal  effects  are  also  eliminated  for  two  rea¬ 
sons:  ( 1 )  The  DT  signal  strength  does  not  decrease  when 
the  sample  is  immersed  in  liquid  helium  as  would  be  ex¬ 
pected  since  in  liquid  helium,  the  induced  temperature  gra¬ 
dient  is  dramatically  reduced;  (2)  more  importantly,  the 
absence  of  any  dependence  of  the  grating  decay  on  the 
grating  spacing  sets  the  upper  limit  of  the  diffusion  coeffi¬ 
cient  at  3  X  10  ”4  cm2/s.  If  the  nonlinear  response  were  due 
to  thermal  effects,  then  this  measurement  would  corre¬ 
spond  to  a  thermal  conductivity  at  least  4  orders  or  mag¬ 
nitude  below  that  of  GaAs.  Hence,  we  conclude  the  exci¬ 
tation  is  electronic  in  nature  and  note  that  the  long  lifetime 
results  in  an  estimated  excitation  density  four  orders  of 
magnitude  higher  than  that  expected  based  on  a  0.5—1 .0  ns 
exciton  lifetime. 

In  discussing  these  results  we  first  note  that  many-body 
effects  such  as  exciton-exciton  interactions,  band-gap 
renormalization,  and  screening  can  produce  a  shift  or  a 
broadening  of  the  resonance,  leading  to  regions  of  in¬ 
creased  absorption.  However,  these  features  resemble  the 
first  or  second  derivative  of  the  resonance,  clearly  not  in 
agreement  with  the  measurement.  Hence,  while  the  current 
theory  has  been  highly  successful  in  interpreting  experi¬ 
mental  results  obtained  on  short  time  scales  at  high  exci¬ 
tation  density,110  the  results  show  that  the  theory  does  not 
describe  the  leading  terms  in  the  low  intensity  cw  nonlinear 
response  measured  by  differential  transmission.  We  would 
like  to  stress  that  identical  behavior  has  been  observed  in 
the  three  different  samples  we  investigated.  Earlier  exper¬ 
imental  evidence  for  this  effect  was  reported  in  transient 
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DT  measurements  using  picosecond  lasers.'  At  zero  time 
delay,  the  low-temperature  excitomc  response  showed  a 
decrease  in  absorption  due  to  bleaching,  yet  on  longer  time 
sca'es  (  —  100  ps),  the  DT  signal  changed  sign,  showing  an 
increase  in  absorption. 

The  nonlinear  response  outside  the  spectral  hole  can  be 
qualitatively  explained  by  a  phenomenological  mode!  in¬ 
volving  an  incoherent  two  photon  stepwise  excitation  along 
with  an  ordinary  saturating  type  nonlinear  response  (not 
associated  with  the  spectra!  hole).  In  a  rate  equation  de¬ 
scription  for  this  system  [i.e.,  a  simple  two  level  system 
(2LS)  and  an  independent  three  level  system  (3LS)),  a 
probe  dependent  DT  response  similar  to  the  data  is  ob¬ 
tained  as  shown  by  the  dotted  lines  in  Fig  2.  In  this  model, 
the  transition  rates  for  both  transitions  in  the  3LS  are  com¬ 
parable.  When  the  pump  beam  is  resonant  with  the  trail 
sition  from  level  1  to  level  2  and  the  probe  beam  is  resonant 
with  the  transition  from  level  2  to  level  3,  the  DT  signal 
due  to  the  3LS  would  show  an  increase  in  absorption  if  the 
beam  intensities  are  reasonably  low.  However,  if  the  2LS 
saturation  intensity  is  smaller  than  saturation  intensities 
for  the  3LS,  at  very  low  intensities,  the  DT  signal  is  dom¬ 
inated  by  the  2LS.  Hence,  decreased  absorption  is  observed 
as  shown  in  Fig.  2.  As  the  probe  intensity  increases,  the 
relative  importance  of  the  3LS  will  increase  due  to  the 
small  saturation  intensity  for  the  2LS.  resulting  in  in¬ 
creased  absorption  in  the  DT  response.  Finally,  when  the 
pump  beam  intensity  is  very  high  such  that  both  transi¬ 
tions  in  the  3LS  are  saturated,  the  stepwise  two-photon 
transition  will  be  overwhelmed  by  the  saturation  effect  and 
an  overall  decrease  in  absorption  will  be  observed  as  shown 
in  Fig.  2. 

The  relaxation  measurements  also  provide  some  addi¬ 
tional  insight  into  the  microscopic  origin  of  the  observed 
nonlinear  response  in  the  QW.  In  particular,  even  though 
the  nonlinear  response  is  clearly  associated  with  the  hh  1 
exciton,  the  long  lifetime  of  the  excitation  is  not  consistent 
with  the  presence  of  ordinary  excitons,  nor  is  the  negligibly 
small  diffusion  coefficient.  To  explain  these  effects,  we  pro¬ 
pose  that  in  the  presence  of  disorder,  optical  excitation 
produces  electron-hole  pairs  which  are  localized  in  sepa¬ 
rate  but  closely  correlated  positions.  If  w  e  assume  that  the 
electron  and  hole  wave  functions  are  localized  on  a  scale 
length  of  order  100  A  and  then  also  assume  the  lifetime  is 
simply  related  to  the  wave  function  overlap,  we  can  esti¬ 
mate  that  the  separation  distance  is  of  order  200  A.  Fur¬ 
thermore,  using  the  excitation  intensity  at  the  minimum 
value  of  the  lower  DT  curve  (saturation  point  of  the  DT 
spectrum),  we  can  estimate  the  resulting  e-h  density  to  be 
of  order  6x  10n  e-h/cmVlayer  (using  0  5  W/cm2,  taking 
50%  of  the  energy  distributed  over  the  first  10  layers,  and 
an  effective  excitation  lifetime  of  5  jzs.  This  would  corre¬ 
spond  to  an  average  distance  between  e-h  pairs  on  the  or¬ 
der  of  140  A,  the  same  order  of  magnitude  as  the  e-h 
separation  estimated  based  on  the  e-h  pair  lifetime.  This 
number  could  be  interpreted  as  the  average  distance  be¬ 
tween  localization  sites.  While  it  is  difficult  to  relate  this  to 
interface  morphology,  it  is  comparable  to  that  reported  by 
chemical  mapping.4  The  stepwise  two  photon  transition 
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discussed  in  the  above  3LS  model  may  correspond  to  ex¬ 
citations  of  two  closely  correlated  e-h  pairs  The  unex¬ 
pected  low  saturation  intensities  for  the  3LS  and  2LS  are 
due  to  the  long  lifetime  of  these  systems  and  the  finite 
number  of  localization  sites  (recall  that  the  saturation  in¬ 
tensity  is  =fuu(Vr/cx0T  where  a0  is  the  absorption  coeffi¬ 
cient  and  ST  is  the  density  of  the  localization  sites). 

Our  model  also  provides  an  explanation  for  the  dis¬ 
crepancy  between  the  FWM  and  the  DT  spectra.  As  is  well 
known,  the  FWM  signal  strength  is  proportional  to  the 
contrast  ratio  of  the  excitation  grating  produced  by  E*-F.;. 
The  contrast  ratio  is  reduced  if  the  input  beams  saturate 
the  system.  At  the  beam  intensities  used  in  the  measure¬ 
ment  (/],/;  —  0.5  W/cm2,  /j  — 0.1  W/cm2),  the  density  of 
excitation  (associated  with  spectral  hole)  is  well  below  the 
saturation  level,  however  the  excitation  in  the  increased 
absorption  region  is  partially  saturated,  causing  a  grating 
flattening  and  resulting  in  a  reduced  FWM  response. 

In  summary,  we  have  shown  that  the  low  intensity 
nonlinear  optical  response  in  GaAs  multiple  QW  is  greatly 
affected  by  the  presence  of  disorder.  The  measurements 
show  that  the  existing  theoretical  work  is  inadequate  to 
explain  the  low  intensity  nonlinear  response  in  these  sys¬ 
tems.  Finally,  the  long  life  time  may  need  to  be  taken  into 
account  in  potential  device  applications. 
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appreciation  to  Professor  P.  K.  Bhattacharya  for  supplying 
samples. 


See,  for  example.  S.  Schmitt-Rink.  D.  S  Chemla.  and  D  A  B  Miller. 
Adv.  Phys  38.  89  (1989). 

:J  Hegarty  and  M  D.  Sturge.  J  Opt  Soc.  Am  B  2,  1143  (1983). 

'C  Weisbuch,  R  Dtngle.  A.  A.  Gossard.  and  W  Wiegmann,  Solid  State 
Commun.  38.  709  (1981). 

‘See,  for  example.  A.  Ourmazd,  D.  W.  Taylor,  J  Cunningham,  and  C 
W  Tu.  Phys.  Rev  Lett.  62,  933  (1989). 

!C  A.  Warwick.  W.  Y  Jan,  A  Ourmazd.  and  T  D  Hams,  Appl  Phys 
Lett.  56,  2666  (1990);  D  Gammon.  B.  V.  Shanabrook,  and  D.  S. 
Katzer.  Phys  Rev.  Lett.  67,  1547  (1991). 

"T.  Takagahara.  J  Lumin  4*.  347  (1989). 

’H.  Wang.  M  Jiang,  and  D.  G  Steel,  Phys.  Rev  Lett  65,  1255  ( 1990). 
!D  G  Steel  and  J.  T.  Remtllard,  Phys.  Rev.  A  36.  4330  (1987) 

"H.  Wang  and  D.  G.  Steel.  Phys.  Rev.  A  *3,  3823  (199!) 

10 D.  A  B  Miller,  D.  S  Chemla.  D.  J.  Eilcnberger.  P  W.  Smith.  A  C 
Gossard.  and  W.  T.  Tsang,  Appl.  Phys.  Lett.  4t,  679  ( 1982).  W  H- 
Knox.  R  L.  Fork.  M.  C  Downer.  D.  A  B  Miller.  D  S.  Chemla.  C  V. 
Shank.  A  C  Gossard.  and  W.  Wiegmann,  Phys.  Rev.  Lett  54.  1306 
( 1985),  N.  Peyghambanan.  H.  M.  Gibbs.  J  L.  Jewell,  A  Antonetn.  A 
Migus.  D.  Hulin,  and  A.  Mysyrowtcz,  Phys.  Rev.  Lett  53,  2433 
( 1984).  See  also  papers  cited  in  Ref.  1. 

"The  scan  in  Fig.  t(b)  covers  a  larger  spectral  region  than  the  data  in 
Ref.  7  However,  additional  structure  is  seen  at  energies  away  from  the 
spectral  hole  in  Fig.  1(b)  compared  to  Ref.  7  because  the  value  of  b  was 
set  to  in  these  data  to  enable  the  detection  of  slower  components  In 
Ref.  7.  5  was  set  to  100  kHz  to  ensure  that  only  the  simple  excitomc 
component  was  detected. 

i:H.  W’ang  and  D  G.  Steel.  Appl  Phys.  A  53.  514  (199)) 

"in  these  measurements,  the  amplitude  or  phase  <h>fi  on  the  lock-in 
amplifier  is  measured  as  a  function  of  the  modula.ion  frequency  and  can 
then  be  easily  related  to  the  relaxation  time. 

Jiang,  Wang,  and  Steel 


1303 


a  reprint  from  Optica  Letters 


379 


Amplitude-squeezed  light  from  quantum-well  lasers 


M.  J.  Freeman,  H.  Wang,  and  D.  G.  Steel 

Randall  Laboratory  of  Physics,  The  University  of  Michigan.  Ann  Arbor.  Michigan  48209 

R.  Craig  and  D.  R.  Scifres 

Spectra  Diode  Laboratories,  San  lose,  California  95134 


Received  October  7,  1992 

High- impedance  pump  noise  suppression  was  used  to  generate  amplitude  squeezing  in  an  index -guided  quantum- 
well  laser.  Light  exhibiting  photon-number  noise  1.4  dB  below  the  shot-noise  limit  was  observed,  and  the 
corresponding  polarization  properties  were  examined.  Close-coupled  laser-detector  measurements  made  with 
an  unsaturated  detector  revealed  2.9  dB  of  squeezing. 


Amplitude-squeezed  light,  which  is  characterized 
by  photon-number  noise  below  the  shot-noise  limit 
(SNL),  is  of  fundamental  interest  in  optical  physics 
and  is  potentially  useful  for  precision  measurements1 
and  optical  communication.2  Although  it  has  been 
known  that  the  photon-number  fluctuations  of  an 
ideal  laser  operating  far  above  threshold  stem  from 
pump  noise  and  vacuum  field  fluctuations,3  it  has 
been  appreciated  only  recently  that  the  laser  does 
not  necessarily  feature  the  full  shot  noise.*'8  By 
eliminating  pump  noise,  the  output  of  the  laser  can, 
in  principle,  have  an  arbitrary  amount  of  amplitude 
squeezing  within  the  cavity  bandwidth.*5  Several 
methods  for  suppressing  pump  noise,  and  thus 
attaining  this  type  of  amplitude  squeezing,  have  been 
proposed.*'8  Of  these,  constant-current  operation  of 
a  semiconductor  diode  laser  is  of  particular  interest 
because  electrical  current  pump  noise  can  be  easily 
suppressed  to  >15  dB  below  the  SNL7  and  because 
the  high  quantum  efficiency  of  the  diode  laser  allows 
the  8ub-Poi8sonian  electron  pump  statistics  to  be 
transferred  to  photon  statistics.5  Tb  date,  the  largest 
level  of  amplitude  squeezing  has  been  achieved 
in  transverse  junction  stripe  semiconductor  lasers. 
Measurements  that  close  coupled  a  transverse 
junction  stripe  laser  to  a  detector  demonstrated 
a  photocurrent  fluctuation  8.3  dB  below  the  SNL.8 
With  balanced  detection,  photocurrent  fluctuations 
1.3  dB  below  the  SNL  were  obtained.* 

We  report  measurements  of  photon-number  fluctu¬ 
ations  in  an  index-guided  quantum-well  laser.  The 
laser  (Spectra  Diode  Laboratories  SDL-5410-C)  dif¬ 
fers  considerably  from  the  transverse  junction  design 
used  nearly  exclusively  in  earlier  research.7'*  In 
a  collimated  geometry,  it  exhibited  photon-number 
fluctuations  1.4  dB  below  the  SNL  when  driven  by 
a  constant  current.  The  balanced  detection  scheme 
used  in  these  measurements  also  allowed  the  polar¬ 
ization  fluctuations  of  the  laser  to  be  investigated, 
whereas  close  coupling  the  laser  to  a  detector  im¬ 
proved  the  amplitude  squeezing  to  2.9  dB. 

For  the  first  set  of  experiments,  the  laser  and  a 
collimating  lens  are  placed  inside  a  cryostat,  along 
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with  a  drive  circuit  consisting  of  a  series  resistor 
(R  **  680  H)  and  a  bypass  capacitor  (C  —  0.1  /xF). 
The  noise  properties  of  the  output  are  measured  by 
balanced  detection  with  a  delay  line*  Equal  divi¬ 
sion  of  the  laser  power  is  obtained  with  a  half-wave 
plate  and  a  polarization  beam  splitter  (PBS).  The 
resulting  two  beams  are  then  focused  onto  Hama¬ 
matsu  (Model  S1722-01)  p-i-n  photodiodes  (quantum 
efficiency  85%).  The  ac  photocurrents  are  amplified, 
one  is  delayed,  and  then  their  difference  is  obtained 
with  a  180#  hybrid  junction.  This  setup  yields  a  com¬ 
mon  mode  suppression  >25  dB  from  10  to  200  MHz. 
The  delay  line  allows  the  sum  (/,  +  /*)  current,  which 
reflects  the  laser  noise  level,  and  difference  Ui  - 
Jz)  current,  which  gives  the  shot-noise  level,  to  be 
simultaneously  monitored  on  a  spectrum  analyzer. 910 
The  signal  alternates  between  the  two  as  a  function 
of  frequency  owing  to  the  frequency-dependent  phase 
shift  introduced  by  the  delay  line. 

A  typical  run  exhibiting  1.4  dB  of  squeezing  is 
shown  in  Fig.  1  (trace  c)  for  a  bias  level  I/I&  - 
19.  The  observed  (/i  -  /2)  noise  level  agrees  well 
with  the  shot-noise  level  established  independently 
with  a  red-filtered  white-light  source  (trace  b) 
and  with  a  light-emitting  diode.  These  data  were 
taken  with  the  laser  at  15  K,  where  the  emission 
wavelength  was  810  nm,  the  threshold  current  was 
0.9  mA,  and  the  differential  quantum  efficiency 
was  78%.  The  differential  laser  current-to-detector 
current  transfer  ratio  was  0.51  above  threshold, 
and  thus  the  overall  detection  efficiency  was  65%. 
Correcting  for  this  detection  efficiency,  the  1.4  dB 
of  observed  squeezing  corresponds  to  2.4  dB  of 
squeezing  at  the  laser  output  facet. 

A  significant  increase  in  the  difference  current 
noise  level  appeared  when  a  polarizer  (extinction 
ratio  >104:1)  located  between  the  laser  and  the  detec¬ 
tion  setup  was  removed  (trace  a  of  Fig.  1).  Previous 
amplitude-squeezing  experiments  with  similar  bal¬ 
anced  detection  schemes  were  not  sensitive  to  this 
type  of  noise  because  an  optical  isolator  was  used. 7  9 
The  extra  noise  results  from  the  use  of  a  PBS  and 
initially  appears  surprising  because  the  polarization 
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Frequency  (MHz) 

Fig.  1.  Balanced  mixer  amplitude-fluctuation  spectra  for 
the  laser  (traces  a  and  c)  and  for  a  red-filtered  white-light 
source  (trace  b).  All  three  were  taken  with  a  total  dc 
photodetector  current  of  8.00  mA.  The  amplifier  thermal 
noise  (trace  d)  was  subtracted  in  traces  a,  b,  and  c  and  is 
given  for  reference. 

extinction  ratio  of  the  laser  was  >400.  However,  the 
PBS  mixes  the  initially  orthogonally  polarized  fields 
generated  by  the  laser,  leading  to  the  increased  noise. 

The  mixing  can  be  described  quantum  mechani¬ 
cally  by  a  unitary  transformation  relating  the  input 
and  output  photon  annihilation  operators11: 


r*-i 

cos(0) 

sin(fl) 

-  sin(0) 

cos(0) 

.  <*H  J’ 

di  and  dn  are  operators  for  the  orthogonal  polariza¬ 
tion  components  of  the  lasing  mode,  bx  and  are, 
respectively,  operators  for  the  orthogonally  polarized 
transmitted  and  reflected  modes  of  the  PBS,  and  9  is 
the  angle  between  the  polarization  directions  of  dx 
and  bL.  Assigning  dx  to  the  primary  polarization 
direction  of  the  laser  leaves  little  power  for  the  dn 
mode.  However,  this  mode  leads  to  the  observed 
extra  noise  in  trace  a,  as  can  be  seen  by  calculating 
the  variance  of  (/(  +  I2)  and  (7,  -  l2 )  for  the  case  of 
balanced  ( 6  —  45*)  detection: 

U(Afi  +  M„)]2  -  (AATJ2  +  (A N,)\  (1) 

[A(MX  -  M,)]2  -  (Ni.)  +  (Nt)  +  2(Nx)(Ni) 

-  2|{dxtd,>|2  +  2Re[(Adi’d()2],  (2) 

where  N  —  dfd  andAf  —  6f6.  Equation  (1)  describes 
the  data  in  Fig.  1  (trace  a)  at  frequencies  leading  to 
(/t  +  I2).  It  indicates  that  the  measured  amplitude 
noise  in  this  case  corresponds  to  the  simple  sum  of  the 
noise  power  contributions  of  the  independent  input 
modes.  The  agreement  between  traces  a  and  c  at 
these  sum  frequencies  (recalling  that  a  polarizer  was 
used  to  eliminate  the  contribution  of  the  nonlasing 
polarization  in  trace  c)  indicates  that  the  nonlasing 
mode  did  not  make  a  detectable  contribution  to  the 
sum-frequency  amplitude  noise  found  in  trace  a,  as 
expected  based  on  its  low  power  level. 

At  frequencies  where  (1\  -  I2)  is  displayed,  the  sit¬ 
uation  is  more  complex.  Each  of  the  first  two  terms 


in  Eq.  (2)  represents  the  average  photon  number  of 
one  of  the  two  laser  polarizations,  and  their  sum 
gives  the  SNL.  However,  the  remaining  terms  are 
not  negligible.  The  third  term  is  a  cross  term  given 
by  twice  the  product  of  each  input  mode’s  average 
photon  number,  and  the  last  two  terms  depend  on 
the  coherence  properties  of  the  two  modes. 

If  both  iaser  modes  (a_  andda)  are  in  coherent 
states  of  the  electi  ic  field,  or  if  either  mode  has  zero 
photons,  the  last  three  terms  cancel,  giving  the  shot- 
noise  level.  This  is  clearly  not  the  case  for  the  exper¬ 
iment  described,  because  trace  a  displays  8  dB  of  ex¬ 
tra  noise  at  the  subtracted  frequencies,  and  the  sum 
frequencies  indicate  a  sub-Poissonian  primary  mode. 
Similar  difference-frequency  noise  behavior  has  been 
observed  in  split  photodetector  balanced  detection,12 
where  it  was  attributed  to  stochastic  position  noise 
due  to  regeneratively  amplified  spontaneous  emis¬ 
sion  into  nonlasing  modes.  Regeneratively  amplified 
spontaneous  emission  into  the  nonlasing  polarization 
probably  leads  to  the  8  dB  of  extra  noise  observed 
here  also.  The  statistical  properties  of  this  mode 
become  easily  observable  in  this  setup  because  of 
their  interference  with  the  lasing  mode. 

Given  the  differential  quantum  efficiency  of  our 
laser,  at  least  6.6  dB  of  squeezing  at  the  laser  output 
facet  is  theoretically  expected  far  above  threshold.5413 
The  discrepancy  between  this  value  and  the  largest 
observed  squeezing  (2.4  dB  at  the  output  facet)  is 
probably  due  to  a  combination  of  multimode  operation 
and  weak  optical  feedback  into  the  laser.  Measure¬ 
ments  of  the  Iaser  output  spectrum  indicate  a  strong 
correlation  between  power  in  modes  other  than  the 
primary  lasing  mode  and  increased  photon-number 
noise,  eventually  leading  to  a  loss  of  squeezing  at  high 
pump  levels  (I/Io,  >  35) .  Optical  feedback  may  also 
play  a  role,  although  replacing  the  polarizer  with  an 
optical  isolator  (isolation  dB)  did  not  increase  the 
observed  squeezing. 

A  second  set  of  experiments  was  performed,  which 
consisted  of  close  coupling  the  laser  to  a  single  de¬ 
tector.  Because  this  configuration  relies  on  direct 
detection,  the  shot-noise  level  must  be  calibrated  in¬ 
dependently.  This  raises  a  concern  because  differing 
conditions  between  calibration  and  laser  noise  mea¬ 
surement,  such  as  spot  size,  could  alter  detector  sat¬ 
uration,  making  interpretation  of  the  experimental 
results  difficult.  For  example,  increased  saturation 
due  to  a  laser  spot  size  much  smaller  than  that  of 
the  calibration  source  would  lead  to  a  lower  displayed 
noise  power  and  thus  could  be  mistaken  for  amplitude 
squeezing. 

Several  steps  were  taken  to  avoid  errors  due 
to  detector  saturation.  The  detector  (Hamamatsu 
Model  S1722-01)  was  chosen  for  its  large  area 
(13.2  mm3)  and  excellent  saturation  characteristics.14 
These  saturation  characteristics  were  determined 
experimentally  under  conditions  similar  to  those  for 
the  close-coupled  laser.  One  such  experiment  used  a 
red-filtered  white-light  source,  focused  to  a  1.0-mm2 
spot,  to  generate  the  shot-noise  level  at  several  dc 
detector  current  levels  (dc  detector  current  was  linear 
with  input  power  to  within  0.2%  up  to  30  mA).  The 
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Fig.  2.  (a)  Red-filtered  white-light  source  was  used  to 
study  the  frequency-dependent  saturation  characteristic 
of  the  detector.  The  frequencies  shown  are  10  MHz  (trace 
a),  50  MHz  (trace  b),  100  MHz  (trace  c),  and  150  MHz 
(trace  d).  The  dotted  line  represents  the  response  of 
an  ideal  detector,  (b)  Demonstration  of  the  amplitude 
squeezing  obtained  on  close  coupling  the  diode  laser  and 
detector.  Trace  a  shows  the  laser  noise  spectra,  trace  b 
shows  the  shot-noise  level  corresponding  to  trace  a,  and 
trace  c  shows  the  amplifier  thermal  noise  level,  which  was 
subtracted  from  traces  a  and  b. 

results  are  shown  in  Fig.  2(a).  The  data  indicate 
that  detector  saturation  is  minimal  at  low  frequencies 
(<50  MHz)  out  to  beyond  8.00  mA. 

Tb  ensure  that  differences  between  calibration 
source  and  laser-beam  spot  size  did  not  affect  the 
level  of  this  saturation,  several  laser-to-detector 
distances  (and  corresponding  spot  sizes)  were  used 
in  the  experiments  described  below.  The  measured 
laser  noise  level  remained  constant  ±6%  over  a 
factor  of  5  change  in  spot  size  and  was  not  directly 
correlated  with  spot  size.  This  result,  coupled  with 
the  fact  that  the  largest  laser  spot  size  (0.9  mm2)  was 
comparable  with  the  calibration  spot  size  (1.0  mm2), 
shows  that  intensity-dependent  detector  saturation 
had  little  effect  on  the  results  of  these  experiments.14 
The  insensitivity  of  this  detector  to  spot  size  also 
extended  to  larger  areas  (data  taken  with  red  light 
and  light-emitting  diode  spot  sizes  of  up  to  10  mm2 
were  nearly  identical  to  the  1.0-mm2  data). 

To  minimize  possible  errors,  the  detector  and  its 
associated  amplifiers  were  kept  at  room  tempera¬ 
ture  while  the  laser  was  cooled  to  10  K.  Here  the 
threshold  current  was  0.78  mA,  and  the  differen¬ 
tial  laser  current-to-detector  current  transfer  ratio 
above  threshold  was  0.67.  The  results  of  one  exper¬ 
iment  for  a  bias  level  of  I/Io,  ”16  (detector  current 
8.00  mA)  are  shown  in  Fig.  2(b).  The  amount  of 
squeezing  obtained  low  frequencies  (where  the  effects 
of  saturation  are  smallest)  fell  between  2.4  and  2.9  dB 
as  the  distance  between  the  laser  and  detector  was 
varied  from  1.5  mm  (0.17-mm2  spot  size)  to  3.5  mm 
(0.92-mm2  spot  size)  and  did  not  increase  at  higher 
bias  levels.  Owing  to  a  lack  of  direct  correlation 
with  distance,  this  slight  variation  in  squeezing  is 
believed  to  be  due  to  weak  optical  feedback,  which 
depended  on  the  exact  orientation  of  the  laser  and 
detector.  When  corrected  for  a  detection  efficiency 
of  85%,  2.9  dB  of  squeezing  corresponds  to  3.7  dB  at 


the  output  facet  of  the  laser,  which  is  still  less  than 
the  theoretically  expected  value  of  6.6  dB. 

Other  lasers  of  the  same  type  gave  similar  levels 
of  squeezing,  although  the  temperature  at  which 
maximum  squeezing  was  observed  varied  from  laser 
to  laser.  Simultaneous  monitoring  of  the  laser  mode 
(by  collecting  light  from  the  back  facet  and  analyzing 
it  with  a  monochromator)  and  amplitude  fluctuations 
revealed  that  longitudinal-mode  characteristics  were 
responsible  for  this  temperature  dependence.  The 
best  squeezing  was  obtained  with  a  dominant  pri¬ 
mary  mode,  indicating  that  cross-gain  saturation  did 
not  result  in  complete  negative  correlation  between 
the  modes.15  As  the  side- mode  power  (relative  to 
the  main  mode)  and  the  number  of  side  modes  in¬ 
creased,  so  did  the  amplitude  noise.  Unfortunately, 
at  high  pump  levels  (typically  ///*  >  25)  this  always 
occurred,  which  is  probably  why  the  full  theoretical 
level  of  squeezing  could  not  be  attained  and  raises 
the  possibility  that  mode  stabilization  may  enhance 
the  observed  squeezing. 
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